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PREFACE 

This volume presents the main results of a gold research and exploration project carried out 
between 1986 and 1992 by the Geological Survey of Finland in the late Archean Hattu schist belt, 
situated in the Ilomantsi district in easternmost Finland. Reconnaissance mapping of the Archean 
terrain of eastern Finland was first undertaken in the early 1900s at a scale of 1 :400,000, but since 
the 1960s most of the area occupied by greenstones has been remapped at 1: 100,000, along with 
low-altitude airborne geophysical surveying and regional till geochemical mapping. In contrast 
however, extensive areas of gneiss terrain still remain partly poorly known. Exploration has 
traditionally focussed on Ni-Cu sulfide potential, banded iron formations and Mo deposits, all of 
which have been found in small quantities. Consequently gold had been neglected until recently, 
and the Fennoscandian shield appeared to be distinct among Archean cratons in being seemingly 
devoid of major epigenetic gold deposits. 

Gold exploration in the Ilomantsi region dates back to the rnid-1980s, when follow-up of Mo- 
W anomalies and scheelite grains in till samples led not only to the discovery of discrete scheelite- 
molybdenite-bearing quartz veins but also of Au-bearing quartz-calcite veins within shear zones 
deforming the Knittila tonalite stock. Reanalysis of regional till samples showed extensive but 
scattered Au anomalies associated with high As throughout the southern part of the Hattu schist 
belt. A further indication of gold potential was shown by the fortuitous discovery of the 
Ramepuro deposit some 15 km north from Kuittila in 1985 by Outokumpu Oy. Because of the 
geological similarities with major gold mining districts in late Archean greenstone belts in other 
continents, as well as the regional nature of the geochemical anomalies, the Ilomantsi Gold 
Project was initiated in 1986. 

Modern gold exploration took its first steps in Finland at that time with a number of new 
discoveries throughout the country. Therefore, a general need for developing exploration 
methods and gaining understanding of gold mineralization was apparent. The Hattu schist belt 
was selected as one of the main areas to do multidisciplinary research on gold mineralization, and 
the principal tasks of the Ilomantsi Project were defined as follows: 1. to delimit gold anomalous 
areas and locate individual deposits; 2. to study the nature and genesis of gold deposits; 3. to 
elucidate the crustal evolution of the Hattu schist belt, particularly in relation to gold mineralization; 
and 4. to develop gold exploration techniques suitable for Finnish conditions. Accordingly, much 
of the resources, at least during the first years of the project, were directed towards more 
regionally oriented studies, instead of direct and detailed exploration and evaluation of known 
targets. 

This Project was one of the first efforts at the Geological Snrvey of Finland in which 
exploration was done closely integrated with multidisciplinary research. Even though the project 
did not have a strict organization or independent budget, its success and strength lay in the Open 
and informal cooperation between geologists from the Exploration, Geochemistry , Petrology and 
Quaternary Geology Departments, based both in Espoo and Kuopio. Collaboration continued 
following the organizational change at the Survey in 1990, with the Mineral Resources 
Department being primarily responsible for the ore geological research, and the Regional Office 
of Central Finland, in charge of exploration. The senior Editor has been responsible for 
coordinating research activities, while practical exploration has been managed by M. Darnstén 
and A. Hartikainen. Collaboration with Theodore Bornhorst, Michigan Technological University, 
and Hugh O'Brien, currently at the University of Washington, Seattle, has greatly benefitted the 
geochemical and petrological research. 



Abundant resources, and continuous support and encouragement for the Project, given in 
particular by former Director L.K. Kauranne, the then Research Director L. Hyvärinen, and 
Departmental and Regional Heads J. Talvitie, E. Ekdahl, A. Lonka and R. Salminen were of 
crucial importance especially during the first years when much of the incentive for study was still 
based on unchecked anomalies, geological analogies and ideas. Many geologists and other 
research staff at the Survey have helped the Project in numerous ways and offered constructive 
criticism and advice. Accordingly, much of the research is based on the work by the support 
personnel both in the field and office. Close contacts with colleagues from other countries and 
during regular visits to the Ilomantsi district, as well as our excursions to major gold producing 
greenstone belts in other continents have been particularly important. We are also very grateful 
to the many colleagues from various countries who kindly reviewed the manuscripts and 
suggested many improvements. 

Altogether 17 authors have contributed to the 15 articles of this Special Paper, which is divided 
into two parts. Geological characteristics and evolution of the Hattu schist belt are dealt with in 
5 articles. Sorjonen-Ward gives an overview of lithic units in the area, along with structural 
geometry and evolution of the schist belt. This is complemented by a digitized 1 :50,000 scale 
geological map of the Hattu schist belt, appended to this Special Paper and based on mapping 
of virtually all outcrops at 1:20,000 scale, low-altitude airborne and ground geophysics, 
extensive geochemical sampling, diamond drilling and trenching. Vaasjoki et al. report a number 
of new U-Pb isotopic age determinations from the area together with a summary of the earlier 
results, and sulfide Pb-Pb characteristics of mineralized samples. Bornhorst et al. have divided 
the main rock types into chemical groups on the basis of immobile element ratios in a 
multielement data base comprising 1408 samples, and report their background estimates, while 
O'Brien et al. have examined petrogenetic implications of the geochemical data, including Sr 
and Nd isotopes. The general geological section is completed by a paper on Qnaternary glacial 
history of the region by Nenonen and Huhta. 

The second part comprises 10 articles on gold mineralization and exploration methods. Nurmi 
et al. give a geological outline of the mesothermal gold mineralization of the Hattu schist belt, 
including geological setting, characteristics and exploration history of 9 prospects. Much of the 
data are based on the studies of drill core materia1 (comprising almost 200 holes, totalling >25 
km) in the poorly exposed occurrences. Kojonen et al. have studied the mineralogy of the gold 
occurrences in detail, with special emphasis on Au, Te and Bi minerals. A great number of 
microprobe analyses of various ore and gangue minerals are reported. Mass transfer of 
hydrothermal alteration related to gold mineralization has been studied by Bornhorst and 
Rasilainen utilizing the multielement data base. O'Brien at al. and Karhu et al. report oxygen, 
hydrogen, strontium and carbon isotope ratios for a variety of hydrothermal minerals from the 
gold occurrences and discuss the genetic implications of the results, while Bornhorst and Wilkin 
give fluid inclusion data for selected quartz samples. Three contributions deal with exploration 
methods. Hartikainen and Nurmi describe till geochemical exploration, which has been the key 
technique in both locating gold potential zones and individual deposits (>20,000 samples), with 
particular reference to sarnpling strategies and pathfinder elements. Rock geochemical implications 
and the use of heavy mineral concentrates from till are discussed by Rasilainen et al. and Huhta, 
respectively. Finally, Nurmi surnmarizes current research on mesothermal gold mineralization 
in the Hattu schist belt and discusses genetic aspects and implications for exploration. 

The most important result of the recent studies evidently is the recognition of an extensive gold 
potential zone from the Archean of the Fennoscandian Shield, which was not previously 
regarded as prospective for greenstone gold. Although drilling at present is inadequate for 
defining reliable mineral reserves for any of the occurrences, significant tonnages of high-grade 
ore have been proven at the Ward deposit, and smaller occurrences, showings and extensive 
anomalies throughout the >40 km long belt provide further promising indications of ecanomically 
interesting mineralization. Moreover, it is also likely that other greenstone' belts in the 
Fennoscandian Shield contain gold mineralization, as already demonstrated by recent exploration 
by the Geological Survey of Finland in the Kuhmo-Suomussalmi belt. 

However, many problems await further study. Gold mineralization in the Hattu schist belt 
shares many similar basic features with mesothermal deposits in late Archean greenstone belts 
throughout the world. However, aspects of geological setting, geochemistry, mineralogy, stable 



isotope ratios and fluid inclusions of gold mineralization differ from those of many major gold 
producing terrains. Even though we have gained many insights into geological setting, composition, 
hydrothermal processes and successful exploration strategies and methods of gold occurrences, 
the ultimate source of mineralizing fluids and solutes as well as the exact timing and relation to 
tectonic and metamorphic development need further research. 

Overall, this project has demmstrated that systematic work involving closely integrated 
exploration and multidisciplinary research is an effective way of studying areas of ore potential. 
Even though economically important results might only seldom be achieved, the research will at 
least provide new basic data for future exploration and improve our understanding of crustal 
evolution and ore forming processes. 

Espoo, April30,1993 Pekka A. Nurmi 
Peter Sarjonen- Ward 
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AN OVERVIEW OF STRUCTURAL EVOLUTION AND LITHIC 
UNITS WITHIN AND INTRUDING THE LATE ARCHEAN 

HATTU SCHIST BELT, ILOMANTSI, EASTERN FINLAND. 

by 
Peter Sorjonen-Ward 

Sorjonen-Ward, Peter, 1993. An overview of structural evolution and 
lithic units within and intruding the late Archean Hattu schist belt, Ilomantsi, 
eastem Finland. Geological Survey of Finland, Special Paper 17, 9-102, 32 
figures. 

The Hattu schist belt is one of the best preserved Archean supracrustal 
sequences in Finland and is distinctive in consisting principally of felsic 
volcanic and epiclastic deposits. Isotopic data indicate that deposition, defor- 
mation and granitoid intrusion were very closely related in time, the ages of the 
earliest supracrustal units, at 2754I6 Ma, effectively overlapping with those 
of syntectonic granitoids. All exposed contacts between the Hattu schist belt 
and these granitoids are intrusive, or else tectonically modified, and hence the 
granitoids cannot represent depositional basement to the greenstone belt. No 
other depositional basement to the Hattu schist belt has been identified, nor 
have any unconformities been recognized within the mapped sequence. 
Therefore, there is no direct evidence that the Hattu schist belt developed on 
an ensialic substrate. However, isotopic data from both detrital and magmatic 
zircons indicate the presence of older crustal materia1 both in sedimentary 
detritus and in the source regions of some granitoids. 

In spite of locally intense and complex deformation, the Hattu schist belt 
has clearly retained a high degree of stratigraphical coherence and some 
primary lateral facies variations. There is no evidence to suggest that the schist 
belt represents a mosaic of discrete, tectonically juxtaposed units, although the 
possibility of an allochthonous origin cannot be disregarded. Abundant 
leucogranites and a zone of migmatized sediments to the West of the Hattu 
schist belt are consistent with partial melting of sediments in tectonically 
thickened crust, while the rate of evolution of processes in the belt is also 
analogous to that in modem convergent settings. At present, however, there is 
no basis for establishing the dimensions or facing of any plate tectonic 
elements. 

Detailed structural mapping in areas of good exposure, combined with an 
abundance of well-preserved depositional younging criteria has enabled local 
stratigraphical sequences to be established with confidence. High resolution 
airbome and ground geophysical data permit extrapolation of lithological 
boundaries in poorly exposed terrain, particularly where relatively thin units 
are laterally persistent and possess distinctive geophysical signatures. The 
northem part of the belt is characterized by abundant and commonly coarse- 
grained feldspathic volcaniclastic deposits, with intercalations of andesitic, 
basaltic and, in the uppermost part of the exposed sequence, the more 
extensive Pampalo Formation, which includes both mafic ultramafic lava 
flows. There is a progressive southwards decrease in the abundance of coarse 
detritus, evidently representing a primary facies change in the onginal 
depositional basin. Thus, to the south of the village of Hattuvaara there is less 
lithological diversity and mica schists and graywackes, including turbidites, 
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predominate. 
Granitoids intruding the Hattu schist belt fall into three categories on the 

basis of field relationships and composition. The Kuittila, Tasanvaara and 
Korpivaara Tonalites, and probably the extensively altered Hosko Granite 
form a distinct group of small plutons aligned meridionally along the belt; they 
do not contain hornblende and inclusions are very rare. They are often 
associated with feldspathic porphyry dikes with a chemistry similar to that of 
volcanogenic rocks within the supracrustal sequence, suggesting that they are 
consanguineous, even if they represent somewhat later stages of melting. The 
Silvevaara and Viluvaara Granodiontes are larger plutons with K-feldspar 
phenocrysts and evidence for late-stage, high-temperature recrystallization of 
mafic minerals, such that clinopyroxene and hornblende have commonly been 
replaced by biotite and epidote. The Silvevaara Granodiorite also contains 
xenocrystic zircon consistent with its derivation from an older crustal source. 
The Naarva and Lukanvaara Leucogranites are distinctive felsic bodies com- 
monly showing folded compositional banding defined by variations in grain 
size and tourmaline and biotite abundance. Muscovite and garnet are also 
present and an origin by partial melting of either older or contemporaneous 
metasediments is inferred. 

The structural geometry of the Hattu schist belt is characterized by upward- 
facing, generafiy s teei ly  dipping structures; depositional 
determinations are almost invariably upward facing and hence militate against 
the existence of major recumbent structures. The only overturned strata 
identified are more likely to represent submarine slumping rather than tectonic 
processes and refold interference patterns observed at outcrop and map scale 
probably record progressive deformation of initially upright structures, with 
strain becoming more partitioned within discrete narrow zones. There is 
therefore, a close relationship between regional folds and shear zones, and 
much of the deformation may record accommodation to the emplacement of 
syntectonic granitoids. 

Although there is as yet no evidence for the overall duration of deformation 
and metamorphism, structures are readily interpreted as representing progres- 
sive deformation. rather than a seauence of seDarate tectonic events. 
Microstructural evidence indicates that the growth of mica, actinolite and 
garnet porphyroblasts occurred relatively late during this deformation, and in 
some instances outlasted it. 

Key words (GeoRef Thesaurus, AGI): greenstone belts, metasedimentary 
rocks, metavolcanic rocks, granites, lithostratigraphy, structural analysis, 
deposition, metamorphism, deformation, gold ores, Archean, Hattuvaara, 
Ilomantsi, Finland. 

Peter Sarjonen-Ward, Geological Survey of Finland, FIN-02150 Espoo, 
Finland. 

INTRODUCTION 

Location and access 

The Hattu schist belt straddles latitude 63"N, and 
is situated in the easternmost part of Finland, adja- 
cent to the Russian border, some 500 km to the 
northeast of Helsinki (Fig. 1). This region lies within 
the temperate boreal zone, with forests dominated by 
a rnixture of Scots pine (Pinus sylvestris), silver 
birch (Betula pendula) and Norway spruce (Picea 
abies). Snow normally covers the ground from early 
November to the end of April, with winter mean 
temperatures around -lO°C, while summers tend to 
be mild, with daily mean maxima regularly exceed- 
ing 20°C from June through to mid-August. The area 

reviewed here is approximately 50 km from north to 
south and has a maximum width of about 20 km, 
although at its narrowest, the schist belt is scarcely 
more than a kilometer wide. The boundary between 
the Hattu schist belt and theremainder of the Ilomantsi 
greenstone belt is rather arbitrary, although in places 
it is effectively defined by intrusive granitoids (Fig. 
2). According to published regional maps 
(Lavikainen, 1973,1975; Rundkvist et al., 1988), the 
Hattu schist belt appears to be contiguous with 
Archean supracrustal sequences in adjacent parts of 
Russian Karelia; in Fig. 1 these are regarded as 
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Reworked Archean basernent 

0 Archean gneisses and granitoids Proterozoic rocks 

Fig. 1.  Schematic general map of the late Archean Karelian craton, which is bounded by the early 
Proterozoic Svecofennian orogen to the West and Belomorian Orogen to the east. Location of Hattu schist 
belt towards the southern end of the Ilomantsi - Kostamuksha greenstone belt is also shown. 

discrete segments comprising a regionally extensive 
supracrustal zone referred to collectively as the 
Ilomantsi-Kostamuksha greenstone belt. 

The Hattu schist belt forms topographically sub- 
dued, undulating terrain, with a base level defined by 
a number of lakes at 145 m, and rising to an elevation 
of 283 m in the northernmost part of the study area. 
There is generally poor correlation between topogra- 
phy and bedrock lithology, with the exception of a 
distinct N-trending ridge coincident with the Naarva 
Leucogranite and some NW-trending eskers and 
narrow valleys associated with Proterozoic dolerite 
dikes. Isolated drumlins form prominent hills rising 
out of swarnpland and are characteristically aligned 
NW-SE, parallel to the direction of retreat of the last 

ice sheet (Nenonen and Huhta, 1993, this volume). 
Glacial and post-glacial deposits average five me- 
ters in thickness (Hartikainen and Nurmi, 1993, 
this volume; Nenonen and Huhta, 1993, this vol- 
ume, Fig. 2). These features along with dense 
vegetation cover, are nevertheless sufficient to 
preclude the use of aerial photographs or satellite 
imagery in interpreting bedrock geology, although 
anumber of regional scale lineaments, which cross- 
cut Archean lithological boundaries, are discemi- 
ble. 

Vehicular access to the study area is good, 
largely due to intensive forestry activity; an ex- 
panding network of logging tracks means that 
except in swampy terrain, very few areas are situ- 
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Fig. 2. Generalized distribution of supracxxstal and intrusive units within the late Atchean domain of southeastern Finland and adjoining Rmsian 
Karelia, showing general setting af the Hattu schist belt and location of marest greenschist facies early Proterozoic plafform covcr sequences. 
Abbreviations for intrusive rocks as follows: Hkg = Hoikan Kylkeinen Granodiorite, Hqd = Hakovaara Quartz diorite, Kag = Kartitsa Granite, 
Ktg = Koitere Granodiorie, Kut = Kuittila Tonalite, Log = Longonvaara (iranite, Lug = Lukanvaara Leucogranite, Nag =Naarva Leucogranite, 
Pog = Pogosta Granodiorite, Sig ~Silvevaara Granodiorite, Tat = Tasanvaara Tonaiite, Urd = Uramo Dionte, Vig = Viluvaara Granodionte. 

ated more than a kilometer from some kind of road. 
Because of the relative abundance of swamps and 
small lakes, it has been more convenient to undertake 
drilling, geochemical sampling and geophysical pro- 
filing during the winter months, between November 
and May, when the ground and lakes are generally 
frozen. Outcrop mapping can normally be carried 
from early May until late October. May and early 
June, though cooler than the middle snmmer, tend to 

be idea1 for field work, due to a combination of 
factors including a relative lack of insects and under- 
growth and statistically fewer raindays, in contrast to 
autumn, when weather conditions are generally un- 
stable and day length diminishes rapidly. 

Small agricultural and pastoral holdings and pri- 
vately owned forests are scattered throughout the 
study area but much of the region consists of compa- 
ny- and state-owned regrowth forests, plantations 



and peatlands. Three national parks have been pro- 
claimed in the Ilomantsi region, intended primarily 
to protect swamps and wetlands and glacial landforms, 
although none of them impinge upon the parts of the 
Hattu schist belt under consideration here. In No- 
vember 1992, a part of eastern Finland, including 
much of the study area, was nominated for the 
UNESCO Biosphere Program, but this does not 
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place any restrictions on exploration or mining activ- 
ities. 

The entire schist belt lies within the rural munic- 
ipality of Ilomantsi, with the town of Ilomantsi 
having several thousand residents. The nearest air- 
port services the North Karelian provincial capital of 
Joensuu (population nearly 50 OOO), which lies 70 
km West of Ilomantsi. 

Previous investigations and geophysical coverage 

The southern part of the Hattu schist belt, which 
comprises part of the Ilomantsi 1 : 100 000 map sheet 
(Sheet 4244 of the Finnish National Mapping Grid), 
was surveyed in the 1960's as part of the regional 
geological mapping program of the Geological Sur- 
vey of Finland (Lavikainen, 1973). However, the 
northern part of the area (1: 100 000 Map Sheet 4333 
Naarva) has not previonsly been mapped in detail; 
with the exception of a reconnaissance survey car- 
riedout early this century at 1 : 400 000 scale (Frosterus 
and Wilkman, 1920, 1924), the only information 
available at the commencement of this study was 
contained within an unpublished report evaluating 
the potential ore reserves within the banded iron 
formations (Niiniskorpi, 1975). Between 1986 and 
1989, the Geology Department of the University of 
Oulu carried out regional geological and geochemical 
studies in the vicinity as part of a project funded by 
the Finnish Ministry of Trade and Industry aimed at 
understanding and evaluating the ore potential of the 
Archean of eastern Finland. The results of these 
studies have been published in Finnish by Oulu 
University (see Piirainen and Vuollo, 1991). In order 
to rationalize resources however, it was agreed that 
the Geological Survey would concentrate specifical- 
ly on the Hattu schist belt, while the Oulu group 
focussed attention on greenstone sequences and 

granitoids further West. 
Geophy sical coverage of the region includes high- 

altitude airborne sarveys flown by the Geological 
Survey in 1954 and low altitude data for much of the 
schist belt, commissioned by Rautaruukki Oy during 
exploration and assessment of the iron formations, 
and later acquired by the Geological Survey. Hilkka 
Arkimaa and Viljo Kuosmanen at the Geological 
Survey Image Analysis Division and Jussi Aarnisalo 
at Outokumpu Finnmines Ltd subsequently proc- 
essed these data and made available a variety of 
graytone and color pixel maps. During the course of 
the present project the Ilomantsi map sheet was 
reflown at 30-40 m altitude, with a profile spacing of 
200 m, resulting in higher resolution aeromagnetic 
data for the southern part of the schist belt (Fig. 3). 
Extensive and detailed ground geophysics including 
magnetic, Slingram and induced polarization (I.P.) 
measurements were also carried out by Survey staff 
throughout much of the schist belt, concentrating in 
particular on zones of gold potential. The resulting 
digitized pixel maps, generated by Jouni Lerssi and 
Jouko Vanne at the Regional Office in Kuopio, have 
proven extremely valuable in identifying and inter- 
preting lithological and structural features in areas of 
poor exposure. 

Approaches to lithostratigraphic and structural mapping 
in complexly deformed and poorly exposed terrain 

Detailed field mapping of the Hattu schist belt has 
been carried out with three principal objectives. The 
first of these, and the one with which this paper is 
primarily concerned, has been to define the regional 
structural geometry in order to establish and under- 
stand the relationships between primary lithological 
units. This is in practice an iterative process, since in 
many instances, the form of larger structures are 
effectively defined by tracing distinctive marker 
horizons using a combination of outcrop and geo- 
physical information. The first part of this paper 

therefore describes and summarizes lithic units rec- 
ognized within the Hattu schist belt, supplemented 
by discussions of mutual relationships between the 
various units and their possible environmental and 
tectonic significance. The next part of the paper then 
considers the geometry and development of major 
high-strain zones and regional structural domains. 
Although it might seem more logical to deal firstly 
with the structural framework within which 
lithostratigraphic interpretations are made, it seems 
on the other hand justified to consider the nature of 
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Fig. 3. Low-altitude aeromagnetic color pixel map of 1: 100 000 Sheet 4244-Ilomantsi, covering the southern part of the Hattu schist belf. 
Increasing magnetic intensity is iddicated by change in color from yeilow through vermillion and magmta to white, with highest values due to 
magnetite-bearing iron fma t ions  and restricted domains within the Silvevaara Granodiorite (Sig). Note the evident continuity of the iroti 
formations and associated mafic units around the margin af this Pluton. Other plutons, such as the Kuittila Tonalite (Kut), Pogosta Grmdiorite 
(Pog) and Viluvaara Granodiorite (Vig) are not readily distinguishable from eadi other, or from Hattu schist belt clastic sediments, on the basis 
of their magnetic signatums. At Ieast two generations of early Proterozoic mafic dikes with slightly different trends are evident. The WNW- 
treadingd2 swarmcan be traced some40 km funlrer western margin of the map, where it appears to truncateat least theearliest Prote~ozoicplatform 
deposits, as well as NW-trending d l  dikes. Note that at this scale hawever, no Proterozoic dike- or fault-related offsets of Archean lithelogical 
trefids can be resolved. Lineaments with relative negative anomalies in the Silvevaara Granodiorite may be faults rather than dikes, oreIse record 
intrusion of dike swarms during a reversal of magnetic polarity. Image processing by J. Lerssi and J. Vanne, GSFKuopio. 

the elements being deformed, before describing their 
subsequent deformational history. 

A second objective has been to examine the rela- 
tionship between granitoid emplacement, deforma- 
tion and metamorphism and to present a combined 
kinematic interpretation and thermal history of the 
Hattu schist belt, relying on microstructural and 
isotopic studies, and assessed within the larger con- 
text of late Archean crustal growth in eastern Fin- 
land. The final objective of structural studies has 
been to determine the influence of structures on gold 
mineralization in the Hattu schist belt and their 
significance in developing exploration paradigms, 
but this topic is only briefly addressed here, being 
dealt with more comprehensively by Nurmi et al. 
(1993) later in this volume. 

Recognition and definition of mappable 
lithic units 

The study area shows considerable variation in 
degree of exposure, with some parts having 40 out- 
crops per square kilometer, while some extensive 
areas exist that do not contain any natural exposures 
at all. These problems are alleviated to some extent 
by the availibility of high-quality low-altitude 
aeromagnetic and ground-based geophy sical data for 
most of the region. Furthermore, depositional 
younging indicators are widely preserved and the 
results of structural analysis confirm that the se- 
quence is upward facing. Although this precludes the 
existence of major recumbent folding within the 
study area, it is certainly conceivable, though no- 



where demonstrable, that tectonic repetition of 
stratigraphical units took place during the earliest 
stages of deformation 

Therefore it is not feasible to define stratigraphical 
relationships independently of an understanding of 
structural geometry and conversely, the recognition 
of major structural features requires the existence of 
distinct lithological units that show some degree of 
coherence and cantinuity at the scale of mapping. 
Mapping is thus an iterative process where postulat- 
ed correlations in poorly exposed terrain are checked 
against predicted and observed cleavage and minor 
fold geometry; if younging directions are preserved, 
then they provide additional constraints. 

The idea1 marker horizon represents an instanta- 
neous depositional event having wide lateral extent 
and geophysical properties that distinguish from 
enclosing strata, enabling it to be followed with 
confidence in areas of poor exposure. Several mafic 
units in the Hattu schist belt conform to these criteria, 
even though the lateral persistence of relatively thin 
lava flows may be puzzling amongst facies consid- 
ered indicative of tectonic instability and character- 
ized by complex topography and rapid erosion and 
deposition. 

Geophysical data, particularly magnetic and IP, 
have been paramount in interpolating between poor- 
ly exposed areas and in defining major structural 
features. These require assumptions of layer continu- 
ity, that petrophysical properties within layers are 
consistent and recognizable, and that subsequent 
modification by metamorphic mineral reactions and 
deformation has been minimal. Because of the gen- 
erally steep attitude of lithological layering, it is 
generally acceptable to assume that anomalies asso- 
ciated with narrow layers are almost congruent with 
their true position in the field 

Significance and limitations of 
Iithostratigraphic and lithofacies studies 

If key marker horizons such as those discussed 
above can be recognized, then it is in principle 
possible to establish stratigraphical relationships, 
even in deformed terrain and, depending on geo- 
physical coverage, where outcrop is poor. Individual 
lava flows or distinctive pyroclastic deposits within 
a sedimentary succession are of great interest be- 
cause may be effectively instantaneous over a wide 
area and could also be amenable to isotopic dating. 
Therefore, they can provide absolute time constraints 
and allow broad reconstructions of the distribution of 
depositional environments, based on interpretations 
of immediately underlying and overlying strata. 

Other distinctive lithologies, such as banded iron 
formations or pelite-dominated units, representing 
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transgression and a lack of detrital input, or coarse- 
clastic deposits related to progradation or regression, 
may record additional information conceming the 
interaction between local tectonic processes and glo- 
bal eustatic trends. Reviews of the Pilbara Craton in 
Western Australia by Barley (1993) andKrapez (1993) 
show how this kind of lithostratigraphical analysis 
has been applied to deformed Archean terrains. Even 
where a reconstruction of basin geometry and facies 
relationships is not possible, individual outcrops can 
yield empirical and valuable information on the types 
of depositional processes and environrnents existing 
within a basin, while petrographical and isotopic 
studies can provide an insight into the age and com- 
position of source areas. 

It has thus been possible to make some inferences 
concerning the depositional environment and prove- 
nance of Hattu schist belt metasediments, with pre- 
liminary deductions based on sediment geochemistry 
being reported in O'Brien et al. (1993a, this volume) 
and the results of isotopic studies of detrital zircons 
presented and discussed by Vaasjoki et al. (1993, this 
volume). An attempt has also been made to formally 
define lithostratigraphic units using prominent mark- 
er horizons and recognizing that primary lithofacies 
variations and relationships have at least been locally 
preserved in the Hattu schist belt, in spite of relatively 
intense and complex deformation. In some cases 
however, the boundaries between formations are 
taken to coincide with major tectonic features, even 
where they do not appear to correspond to conspicu- 
ous changes in lithology. A total of nine formations 
have been recognized, grouped into two super- 
sequences, of which the Hattu Supersequence is the 
more extensive and important. 

Methods and limitations of structural analysis 

As well as assisting in interpreting regional geo- 
logical relationships, structural analysis can provide 
inhrmation conceming the relative timing of defor- 
mation, metarnorphism and mineralization, hence 
enabling some constraints to be placed on physical 
conditions and processes of ore formation. Crustal 
depths and the role of fluids may also be inferred from 
variations in deformation style and mechanisms. In 
addition, regional scale structural studies are of value 
in an explorational sense, in delineating prospective 
zones of potential mineralization. Accordingly, struc- 
tural analysis of the Hattu schist belt has been aimed 
at assessing the relative timing of deformation, meta- 
morphism and mineralization, as well as in trying to 
identify structural features that may have been criti- 
cal for fluid flow and mineralization. 

When analyzing areas that have undergone com- 
plex deformation, it is customary to establish a struc- 
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tural sequence based on refold interference patterns 
(Ramsay, 1962), the truncation and displacement of 
early structures, or overprinting relationships be- 
tween successiye phases of mineral growth and foli- 
ation development (Hobbs et al., 1976; Ramsay and 
Huber, 1987). Such sequences should be objective 
and hence valid at the scale of observation, and rnay 
then be used to deduce the history of a given body of 
rock. However, effective and confident correlation 
between individual exposures tacitly implies that 
far-field forces acted uniformly, and that deforma- 
tion was homogeneously distributed throughout the 
area under consideration. In many circumstances 
these assumptions are unlikely to be justified (Bell, 
1981; Lister and Williams, 1983) and additional 
complications rnay arise where lithological bounda- 
ries represent changes in rheology or mechanical 
strength, or where the materia1 properties of a de- 
forming volume of rock change with time, such as in 
a cooling intrusion, or within a dynamically 
recrystallizing mylonite. Such phenomena rnay lead 
to the preferential development of certain structures 
in less competent units, or the progressive 
reorientation, transposition and obliteration of early 
formed features. These factors all have the potential 
to introduce hncertainty into correlations that rely on 
uniformity of structural orientation and style (cf. 
Williams, 1985). 

A further difficulty in defining and correlating 
deformational sequences at a regional scale pertains 
to diachronism. That is, a suite of structures rnay 
develop in a consistent sequence and with a regular 
geometry, but nevertheless represent the lateral or 
vertical migration of deformation in time. This is 
analogous to facies variations in sedimentary se- 
quences. A classic example of this kind of phenom- 

enon is where thrusts progressively propagate to- 
wards the foreland in thin-skinned thrust belts (Boyer 
and Elliot, 1982). However, if distinctive mineral 
assemblages or intrusive neosomes amenable to iso- 
topic dating are present, it rnay be possible to deter- 
mine both the relative and absolute timing of events. 
In practice however, it rnay be that the resolution of 
isotopic systems is inadequate for discriminating 
between successive events in a rapidly deforming 
terrane. The problem of quantitatively deterrnining 
the absolute timing and rates of processes (Paterson 
and Tobisch, 1992) also makes it difficult to objec- 
tively assess whether the deformational sequence 
recorded in rocks is a result of a single progressive 
deformation or discrete, episodic and unrelated events. 

The geometry, degree and style of deformation 
within the Hattu schist belt appears to have been very 
much influenced by factors mentioned above, partic- 
ularly mechanical contrasts between various 
lithologies and progressive changes in orientation, in 
part related to the intrusion of syntectonic granitoids. 
Furthermore, isotopic constraints on the relatively 
short time interval between deposition, granitoid 
intrusion and deformation (Vaasjoki et al., 1993, this 
volume) limits the potential number of cleavage- 
forming and porphyroblast events that could have 
taken place. None of these difficulties negate the 
value of determining structural sequences. They do 
however emphasize that care is required in defining 
homogeneous structural domains, in determining the 
nature and significance of boundaries between do- 
mains, and in examining the relationships between 
porphyroblast growth and foliation development (Bell 
and Johnson, 1992; Johnson, 1992; Vernon, 1989; 
Vernon et al., 1993) 

SUPRACRUSTAL LITHIC UNITS 

Hattu Supersequence 

The Hattu Supersequence includes almost all of 
the supracrustal rocks described from the Hattu schist 
belt, excluding only a small area at the southeastern 
margin of the area, assigned to the Ilaja Super- 
sequence, whose structural and stratigraphical rela- 
tionships with the rest of the schist belt are unclear. 
No formal stratigraphic base or top to the Hattu 
Supersequence has been formally defined, since 
boundaries are either intrusive contacts or gradation- 
al into deformed and recrystallized zones of supra- 
crustal rocks in which primary features are no longer 
discernible. Several formations have been defined 
primarily for convenience so as to coincide with 

distinct structural domains but otherwise they corre- 
spond to distinct lithostratigraphical sequences, gen- 
erally bounded by a prominent marker horizon. The 
northern part of the schist belt contains a greater 
lithological diversity than in the south, so that five 
formations have been recognized; from lowest to 
uppermost the Sivakkojoki, Hosko, Tiittalanvaara 
and Pampalo Formations, with the Kuljunki Forma- 
tion being a lateral equivalent of the Hosko and 
TiittalanvaaraFormations (Fig. 4). Three formations 
have been defined and assigned to the Hattu 
Supersequence in the southern part of the schist belt, 
namely the Korvilansuo, Ukkolanvaara and Nau- 
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Fig. 4. Schernatic stratigraphical relationships between lithic units within the Hattu schist belt; numbers and acronyms referred to in text. 

kulampi Formations, of which at least the first prob- Formation. 
ably correlates with, if not underlies the Sivakkojoki 

(Ahs) Sivakkojoki Formation (Lithic Units 1-11) 

Distribution and definition 

This formation is not well exposed but geophysi- 
cal data, particularly total intensity magnetic and the 
electromagnetic imaginary component, reveal a 
number of persistent marker horizons (Fig. 5) that 
can be related to certain lithologies in both drill core 
and outcrop. The formation comprises the core of the 
Pihlajavaara Anticline, which plunges moderately 
towards the north (Fig. 6) and therefore the Sivakko- 
joki Formation represents the stratigraphically 
lowermost sediments in the northern part of the Hattu 
schist belt. Taking a mean plunge of 45" for the 
hingeline of the Pihlajavaara Anticline (measured 
values range from 38" to 53O) between the top of 
Lithic Unit 1 and the top of Lithic Unit 11, simple 
trigonometrical calculations produce a thickness es- 
timate very close to 2000 m for this part of the 

Sivakkojoki Formation. The degree of tectonically 
induced thinning of the fold limbs with respect to the 
hinge region is exaggerated to some extent because 
of the moderate plunge but even so, the apparent 
thickness of the Sivakkojoki Formation measured 
perpendicular to the axial plane is about 1000 m. The 
nature and extent of the sedimentary sequence be- 
neath Lithic Unit 1 is thus unknown, while the 
transition to the overlying Hosko Formation is placed 
at the top of Lithic Unit 11 (Fig. 6), which is defined 
by a distinct positive geophysical anomaly. Drilling 
across this anomaly shows it to be a result of abun- 
dant graphite and sulfide in metapelites, but other- 
wise the boundary between the two formations prob- 
ably does not represent a significant change in 
lithology. It is however a convenient marker unit 
since this stratigraphic level on the eastern limb of 
the Pihlajavaara Anticline effectively coincides with 
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Fig. 5. Color pixel map of part of the Pampalo Domain showing ground magnetic signahues and, in red boxed area, IP response. Thenorth-plnnging 
Pihlajavaaw Anticline in the western part of the area is readily discernible, as is its oblique tnincation by the Tasanvaara Tonsbite (Tat). The 
JutfuhuuhtaDuplex is clearly evident betweenpand thewlynvaara F, Antlfom due to the premnce of relatively magnetic mafic rocks and bmded 
iron formations of thePampalo Formation. Note the evidence in the IP data for successive downwards tmrncation of strata by sinistral displacement 
almg thc Kelokorpi Shear Zone at K Back rotation and folding of the floor thrnst of the Juttuhuuhta Duplex at P is also ataibuted to this 
deformation, where the orientation of the Kelokorpi Shear Zone changes from a N-trending straight s t r ibs l ip  s q p e n t  taa  NW-tmnding releasing 
bend configuration. Image processing by J. Lerssi and J. Vanne at GSF Kuopio using DISIMP software. Magnexic data represented by linear scale 
from -400 to 4000 Nt with oblique iiiumination at an elevation Of 2 6 O  and azimuth 3 10'. IP data represented by expaaential scaie- from 0 te 170 
MvN x 10 with obiique illumination fmm 0 9  at an ekvation ef S6O. Ufid dimensions 500 x 500 m2. 

the boundary between the Pihlajavaara and Pampalo Shear Zone, the Sivakkojoki Formation is present 
Structural Domains. The western margin of the within highly strained septabetween several tonalitic 
Pampalo Domain is defined by the Kelokorpi Shear dikes associated with the eastern margin of the 
Zone, which is taken to terminate at position K in TasanvaaraTonalite pluton, which has intruded aiong 
Figure 6 (x = 6987, y = 4563). and truncated the eastern limb of the Pihlajavaara 

To the south of this point, and west of the Kelokorpi Anticline. 
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Fig. 6. Geological map of Pampalo and Pihlajavaara Domains, reduced from 1: SO 000 fieId map compilations. 
Topographical and cadastral base published wilh permission from the Natibnal Mapping Authority. 
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Description of lithologies 

A gronp of outcrops near where the Sivakkojoki 
river crosses the Poikopaa forestry road (x = 6987 y 
= 4561 in Fig. 6) have been particularly valuable as 
a result of their lithological diversity and degree of 
preservation of primary features. The sequence is on 
the western limb of the Pihlajavaara Anticline and 
therefore youngs to the west, and a sketch map of the 
section is presented as Figure 13. 

The section begins towards the top of Lithic Unit 
5, which consists of massive and poorly sorted feld- 
spar-rich deposits and several horizons that contain 
larger clasts of essentially the same composition as 
the matrix. Small darker elongate clasts are also 
present but it has not been possible to establish 
whether they are deformed lapilli orpelitic sediments. 
The transition to the overlying composite mafic 
sequence (Lithic Unit 6) is not exposed, since a thin 
sill of andesitic composition has intruded along the 
contact (Fig. 13). The base of this composite mafic 
unit consists of a plagioclase phyric deposit that is 
actually andesitic in composition, although not nec- 
essarily related to the sills intruding it, since the latter 
also occur higher within the sequence (Fig. 13). The 
groundmass of this rock is strongly foliated and 
recrystallized, with no evidence remaining concern- 
ing the size or composition of any mafic phenocryst 
phases that might have existed. Plagioclase 
phenocrysts have maximum dimensions of about 8- 
10 mm and retain a euhedral prismatic habit (Fig. 
14a) as well as twinning and oscillatory zoning. 
Quartz also appears to have been a phenocrystic 
phase but has been more deformed and has 
recrystallized as granoblastic subgrain mosaics. Frag- 
ments of this lithology occur as inclusions in the 
immediately overlying mafic breccia and brecciated 
pillow lava (Fig. 14b), indicating that it is coeval 
with the volcanism. Geochemical studies also indi- 
cate that the andesite is likely to represent a frac- 
tionated derivative of Hattu schist belt basalts 
(O'Brien et al., 1993a, this volume). Consequently 
this lithology was considered idea1 for isotopic dat- 
ing and the resultant U-Pb zircon age of 2754I6 Ma 
(Vaasjoki et al., 1993, this volume) provides one of 
the most precise and valuable constraints on the 
timing of deposition of the Hattu Supersequence. 

The porphyritic andesite passes upwards abruptly 
into a polymictic mafic and rather rusty breccia 
which is overlain by massive coarse-grained gabbro 
that may represent the base of a lava flow or a later 
magma pulse intruded into it. This is followed by 
finer-grained basalt of tholeiitic affinity (O'Brien et 
al., 1993a, this volume) that is massive in its lower 
part but becomes pillowed and then disrupted, with 
the highly sheared and folded upper part (Fig. 14d) 

possibly representing hyaloclasite that also incorpo- 
rated materia1 from subjacent sediments; in places 
this horizon is very rich in garnet and sulfides, and 
contains very high arsenic values (A. Cattell, written 
comm., 1988). 

Alternatively, this uppermost part of the mafic 
succession, which completes Lithic Unit 6, may 
include a separate and partly chemogenic sedimenta- 
ry horizon. Irrespective of origin and interpretation, 
the transition to Lithic Unit 7 is abrupt (Fig. 14d). 

Lithic Unit 7 commences with a massive poorly 
sorted feldspathic sediment virtually indistinguisha- 
ble from those at the top of Lithic Unit 5 but shows 
a rapid transition into better sorted deposits with 
polymictic conglomerate intercalations (Fig. 14c). 
The conglomerates show size grading (Fig. 14c) but 
no other internal features (apparent clast imbrication 
in Fig. 14c is tectonic). Feldspar-rich clasts resem- 
bling Lithic Unit 5 and immediately underlying de- 
posits are most abundant and are generally roundish 
and less than 10 cm in diameter in least strained 
sections. More elongate finer-grained greenish clasts 
may be intraformational pelites or relatively more 
highly strained weathered or recrystallized mafic 
lithologies. A few examples interpreted as resem- 
bling vein quartz may indeed prove to be disrupted 
and boudinaged syntectonic veins rather than clastic 
in origin. Otherwise there is no compelling evidence 
for the presence of exotic clast types, even though the 
heterogeneous nature of U-Pb zircon isotope data 
from the base of this sequence (Sarnple A1039- 
Poikopaa in Vaasjoki et al., 1993, this volume) 
suggest that some older extrabasinal detritus should 
be present in these rocks. 

The intervening feldspathic arenite beds do not 
typically show grading, but tractional erosional and 
depositional features are common, with cross bed- 
ding being preserved in numerous planar beds typi- 
cally less than 10 cm in thickness. Small scours 
truncating depositional laminae are also observed, 
and a primary origin for all these stmctures is indicat- 
ed where composite S,/S, schistosity shown in Fig- 
ure 14c cuts lithological layering with an opposing 
sense. Over the several tens of meters of exposure 
available, all cross-bedded units show a consistently 
northwards vector component for paleoflow direction. 

Lithic Unit 8 of the Sivakkojoki Formation out- 
crops on the eastern limb of the Pihlajavaara Anti- 
cline at Riitasuo (x = 6987, y = 4563 in Fig. 6) where 
it hosts Zn-Ag mineralization having Pb-Pb charac- 
teristics similar to those of Archean volcanic 
successions elsewhere in eastern Finland (Vaasjoki 
et al., 1993, this volume). In this area, as well as 
further south, towards Tasanvaara (x = 6982, y = 
4564 in Fig. 6) the sequence is disrupted by dikes and 
apophyses of Tasanvaara Tonalite. However some 
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coarse clastic felsic units may represent agglomer- 
ates, while other massive felsic lithologies may be 
strongly recrystallized felsic volcanics. Lithic Unit 
10, exposed immediately to the West of the Kelokorpi 
Shear Zone where it swings into a north-south trend 
(x = 6985, y = 4564 in Fig. 6), also appears to include 
coarse feldspathic volcaniclastic deposits, here strong- 
ly mylonitized. Lithic Units 8 and 10 are separated by 
the schistose pelitic and geophysically responsive 
Lithic Unit 9. Lithic Unit 11, marking the top of the 
Sivakkojoki Formation, also has a strong magnetic 
and electromagnetic imaginary signature, and drill- 
ing near the crest of the Pihlajavaara Anticline (x = 
6990, y = 4561 in Fig. 6) indicates that this is a result 
of disseminated sulfides and graphite in fine-grained 
pelitic lithologies. 

Interpretation of depositional processes, 
environment and provenance. 

The relative lack of exposure and degree of defor- 
mation make it difficult to distinguish between a 
pyroclastic and resedimented origin for some of the 
feldspar-rich clastic deposits of the formation. Those 
that superficially resemble massive lapilli and crys- 
ta1 tuffs of dacitic composition are equally likely to 
represent limited sedimentary reworking of contem- 
poraneous pyroclastics or volcanics. The presence of 
pillowed structures within Lithic Unit 6, intercalated 

between felsic units, suggests that the depositional 
environment was subaqueous. No evidence for 
subaerial weathering processes has been recognized 
in any of the well-stratified sedimentary units, so that 
a shallow marine deltaic setting seems more proba- 
ble than a fluviatile environment. The extent of the 
basaltic Lithic Unit 6 as deduced from geophysical 
data also implies eruption over a surface having 
subdued relief, which is also more consistent with 
deposition in a major deltaic system, or at least 
mature braided river plain. 

If the northerly component to the paleocurrent 
flow directions in Lithic Unit 7 is representative of 
this stratigraphic level as a whole, then it is somewhat 
at variance with the general tendency for coarser, and 
inferentially more proximal materia1 to occur in the 
northern part of the schist belt. 

A local, intraformational provenance for the coarser 
detritus in Lithic Unit 7 is likely, since clast lithology 
closely resembles that of underlying units. However, 
the very imprecise U-Pb zircon age obtained from the 
base of Lithic Unit 7 (Sample A1039-Poikopaa, 
Vaasjoki et al., 1989, 1993, this volume) implies 
heterogeneous population of zircon, which suggests 
some detrital input from a distinctly older source. 
There is nevertheless no evidence to indicate either 
the nature of the underlying basement, nor the thick- 
ness of sediments beneath the lowest exposed depos- 
its of the Sivakkojoki Formation. 

(Ahh) Hosko Formation (Lithic Units 12-22) 

Distribution and definition 

The Rosvohotu Shear Zone between Pihlajavaara 
(x = 6994, y = 4559) and point R in Figures 6 and 8 
juxtaposes hydrothermally altered and highly de- 
formed feldspar-rich pyroclastic or epiclastic depos- 
its (see Figures 24a-d) with fine-grained, thin-bed- 
ded and unaltered sediments, which represent both 
the Hosko Formation and the overlying Kuljunki 
Formation (Lithic Units 4 1-50). North of Pihlajavaara, 
the distribution of the formation effectively coin- 
cides with the Hosko Struciural Domain (Fig. 8), 
which essentially forms the eastern limb of the 
Pihlajavaara Anticline, albeit complicated by chang- 
es in plunge, resulting in features such as the 
Hoskonlampi antiformal culmination (x = 7000, y = 
4560 in Fig. 8). The eastern limit of the Hosko 
Formation is placed at the Kivipuro Shear Zone, 

the Kivipuro Shear Zone is extrapolated as an arcuate 
feature curving gradually into a northeasterly trend, 
this is probably an oversimplification and the overall 
structural complexity of the zone is not yet satisfac- 
torily understood. This also means that the boundary 
between the Hosko Formation and the overlying 
Tiittalanvaara Formation is not as well defined as it 
is between points Rand K in Fig. 6, where it is placed 
at a narrow but persistent basaltic horizon (Lithic 
Unit 23, colored in blue-green in Fig. 6). Still further 
south, beyond point K in Figure 6, the Hosko Forma- 
tion is progressively faulted out against the Kelokorpi 
Shear Zone. Structural geometry is simpler on the 
western limb of the Pihlajavaara Anticline, approach- 
ing the Kuljunki Structural Domain (Fig. 7), so that 
there appears to be a conformable transition with the 
overlying Kuljunki Formation. 

which is marked in Figs. 6 and 8 as splaying out of 
Lithic Unit 16, where it diverges from the Rosvohotu 
Shear Zone and obliquely truncates geophysical Description of lithologies 

anomalies caused by higher units within the Hosko In spite of intense and pervasive hydrothermal 
Formation (x = 6994, y = 4560 in Fig. 8). Although alteration which has affected all lithologies through- 
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Fig. 7. Geological map of thenljunki Domain, reduced from 1: 20 000field map compilations. Topographical and cadastral base published 
with permission from the Finnish National MappM Authority. 
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Eg. 8. Gmlogical map of the Hosko Domain, reduced-fiom 1: 20 000 field map 
compilations. Topographical and cadatral base published with permission from 
the Finnish National Mapping Authority. 



Geological Survey of Finland, Special Paper 17 
Peter Sorjonen- Ward 

out the Hosko Structural Domain (see Figs. 18g, 24a- 
f and 3 1 h) primary textural and depositional features 
have been preserved in areas of low strain. In partic- 
ular, graded arenites outcropping around the shores 
of the lake Iso Kivijärvi provide confirmation that 
the doubly plunging Hoskonlampi Antiform (x = 
7000 y = 4560 in Fig. 8) is an upward facing 
stnicture. The alternation of pale (Lithic Units 12,14, 
16, 18 and 20) and magenta (Lithic Units 13, 15, 17 
and 19) coloring within the Hosko Formation (Fig. 8) 
relates more to geophysically responsive horizons 
than directly to rhythmic repetition of particular 
lithologies. Thus the dominant rock type in both 
Lithic Unit 12, which forms the core of the 
Hoskonlampi antiformal culmination, and the over- 
lying Lithic Unit 13 is sericitized arenite with relict 
grading preserved in numerous places, and having 
variable bed thicknesses. Lithic Units 14 through 19 
tend to have increasing amounts of coarser, feldspar- 
rich deposits that are usually massive and not graded, 
including some fine-grained rather vitreous units 
towards the top of the sequence. 

Around the lake Pieni Kivijärvi (x = 6997, y = 
4561 in Fig. 8; see also Fig. 16), mafic andultramafic 

rocks ire also present (Lithic Unit 2 l), but because of 
the structural complexity adjacent to the Kivipuro 
Shear Zone, it is not clear whether these belong to the 
Hosko Formation, since they closely resemble cer- 
tain units within the stratigraphically higher 
Tiittalanvaara and Pampalo Formations. The mafic 
rocks include highly strained pillow lavas, while the 
ultramafic rocks are fragmental, with actinolite-rich 
clasts in a talc-chlorite matrix. 

Interpretation 

The lowermost part of the formation, exposed in 
the Hoskonlampi antiformal culrnination, appears to 
represent turbidite-dominated sedimentary process- 
es, whereas the coarser feldspathic units that pre- 
dominate higher in the sequence may even be 
pyroclastic rather than epiclastic deposits. The asso- 
ciated massive gray vitreous units could therefore 
also be interpreted as felsic volcanic flows, so that 
the formation as a whole appears to record a progres- 
sive increase in intensity of felsic volcanic activity, 
with volcaniclastic sediments and probable lavas 
ovenvhelming a turbidite-dominated depocenter. 

Distribution and definition 

(Ahk) Kuljunki Formation (Lithic Units 41-50) 

The most extensive and informative exposures of 
this formation are on the western flanks of the two 
hills Kuljunki and Petajavaara (x = 6993, y = 4557 in 
Fig. 7) and by a small lake, Mustalampi, several 
kilometers along strike to the south (x = 6991, y = 
4557 in Fig. 7). Otherwise only isolated exposures 
exist but some units have pronounced magnetic sig- 
natures which, in combination with stnictural and 
younging observations, enable the general structural 
and stratigraphic geometry to be defined (Fig. 7). 
Over a distance of several kilometers along the west- 
ern limb of the Pihlajavaara Anticline (between x = 
6994, y = 4560 and x = 6991, y = 4560), geophysical 
data suggest that there is a conformable transition 
from the underlying Hosko Formation, so that given 
the poor exposure and generally similar lithologies, 
the boundary between the two formations is some- 
what arbitrary. However, if defined in this way, the 
Kuljunki Formation and the Kuljunki Structural 
Domain conveniently coincide, representing a tightly 
refolded synclinorium bounded in the West by the 
NaarvaLeucogranite and to the east by the Rosvohotu 
Shear Zone (between x = 6992, y = 4560 and x = 
6998, y = 4559 in Fig. 7). 

Description of lithologies 

The lowest part of the Kuljunki Formation (Lithic 
Units 41-45) is only exposed in several places, but 
felsic and possibly intermediate plagioclase-bearing 
sediments and probable pyroclastic deposits appear 
to be characteristic. However, one of the best devel- 
oped facies transitions observed in the Hattu schist 
belt occurs higher within this formation (in Lithic 
Unit 46) and is well exposed both at Kuljunki itself 
and further south at Mustalampi. This comprises a 
sequence of metapelites and turbiditic graywackes 
several hundreds of meters in thickness overlain 
abruptly by coarse feldspathic volcaniclastic depos- 
its. The former includes finely laminatedmetapelites 
(Figs. 14f and 20a,b) and some of the best preserved 
turbidites within the schist belt, displaying grading, 
load and flame structures and disrupted pelitic inter- 
calations. The overlying volcaniclastic sequence com- 
mences at Mustalampi with a massive unit at least 30 
m thick containing roundish but recrystallized 
microcline grains less than a centimeter in diameter, 
some of which appear to retain an annular structure 
in cross section; it is therefore possible that they 
represent accretionary lapilli rather than clasts round- 
ed by sedimentary processes. At Kuljunki a similarly 
abrupt transition to coarse clastic feldspar-rich 
volcaniclastic deposits is evident, beginning with 
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breccias that resemble lahars, containing angular 
clasts of porphyritic dacite or andesite over 30 cm 
across (Fig. 14h). Other coarse clastic units may be 
epiclastic, since clasts are somewhat rounded and 
polymict (Fig. 14g), while graded beds containing 
euhedral, rather than rounded feldspar grains could 
be either true pyroclastic deposits, or reworked 
epiclastic sediments (Fig. 14e). 

These volcaniclastic sediments pass upwards into 
finer-grained and sulfide-bearing deposits (Lithic 
Unit 47), in places resembling low-grade iron forma- 
tions and containing abundant garnet (Fig. 20g), 
followed again by feldspathic clastic sediments with 
some conglomeratic intercalations (Lithic Unit 48). 
Lithic Unit 49 has only been designated on the basis 
of a distinct magnetic anomaly, and Lithic Unit 50, 
which is evidently the uppermost unit exposed with- 
in this part of the schist belt, contains intermediate 
thin bedded sediments with scattered actinolite 
porphyroblasts, as well as coarser-grained feldspar- 
rich volcaniclastic deposits. 

Interpretation 

The pelitic and turbiditic sediments within Lithic 
Unit 46, while not necessarily recording a major 

transgression or basin subsidence event, contrast 
with both underlying and overlying deposits of 
volcaniclastic aspect. In particular the overlying 
sediments evidently represent rapid erosion of an 
emergent felsic volcanic edifice. However, there is 
no sedimentological evidence for subaerial deposi- 
tion and it is very difficult to ascertain whether the 
rocks are true pyroclastics or poorly sorted resed- 
imented epiclastic deposits. Even the putative accre- 
tionary lapilli tuff horizon in Lithic Unit 46 at 
Mustalampi is not diagnostic of an air-fall origin 
since the fact that these deposits directly overlie 
turbidites suggests that they are likely to be 
resedimented pyroclastic deposits; in general very 
few examples are known for which the snbmarine 
emplacement of pyroclastic flows has been conclu- 
sively demonstrated (Cas and Wright, 1992). The 
overlying pelitic deposits of Lithic Unit 47, with their 
associated iron-rich sediments presnmably reflect a 
hiatus in volcanism and may correlate with better 
developed quartz-magnetite iron formations at the 
top of the Tiit-talanvaara Formation (Lithic Unit 26, 
shown in bright magenta in Fig. 6). If this inter- 
pretation is correct, then this unit forms a useful 
chronostratigraphic marker horizon throughout the 
northern part of the schist belt. 

(Aht) Tiittalanvaara Formation (Lithic Units 23-26) 

Distribution and definition 

In the type section at Tiittalanvaara (x = 6983, y = 
4564 in Figs. 6 and 9), the formation is exposed 
almost continuously for about 800 m across strike, 
althongh due to the presence of disharmonic sinistral 
F, folding it is not possible to accurately estimate 
original depositional thicknesses. The base of the 
formation is taken to be at the base of Lithic Unit 23 
(marked in blue-green in Figs. 6, 8 and 9), which is 
a narrow mafic horizon associated with a magnetic 
and IP anomaly that is rather persistent along strike, 
although several kilometers south of Tiittalanvaara it 
is apparently truncated against the Kelokorpi Shear 
Zone (x = 6982, y = 4564 in Fig. 9). Overlying strata 
can however be traced still further south for more 
than six kilometers to Vetunmökinkangas (x = 6976, 
y = 4564), where deformation in the core of the 
isoclinal Ignola F, Synform has been very intense 
(Figs. 15g, 21a, 21d-h). Although tectonized, proba- 
bly due to lithological contrasts causing different 
responses to deformation, the boundary between the 
Tiittalanvaara Formation and the overlying Pampalo 
appears to be conformable and transitional, with 
graywackes and banded ironstones belonging to the 
former evidently intercalated with basaltic lithologies 

representing the latter. No exposures are known to 
the north of latitude x = 6987 (Figures 6 and 8), 
except for a number of mafic outcrops which are 
correlated with Lithic Unit 23. The iron formations 
comprising Lithic Unit 26 are also correlated across 
from Tiittalanvaara to the eastern, (westwards- 
younging) limb of the Ignola F, Synform and around 
the Pyllynvaara F, Antiform (x = 6985, y = 4566in 
Fig. 6), against the contact between the schist belt 
and the Viluvaara Granodiorite. Thus, all the 
sediments along the eastern margin of the schist belt 
between Pyllynvaara and Vetunmökinkangas are 
assigned to the Tiittalanvaara Formation. 

Description 

The position of Lithic Unit 23 in Figs. 6, 8 and 9 
has been interpolated between several outcrops of 
fine-grained mafic lithologies on the basis of associ- 
ated geophysical anomalies. Near Sivakkolampi (x = 
6990, y = 4562 in Fig. 6) two distinct basalt flows 
several meters thick are recognizable, with the lower 
flow having a rather rusty upper part. Both flows are 
massive and do not show pillow structures. Further 
south at Kurvisenhuuhta (x = 6986, y = 4564 in Fig. 
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F'. 9. Geological map of the Wattwaara Domain, reduced from 1: 20 000 field map 
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6), near the termination of the Kelokorpi Shear Zone 
(point K in Fig. 6), a homogeneous, yet schistose 
metabasalt is abruptly overlain by polymictic con- 
glomerates marking the base of Lithic Unit 24, with 
a variety of intermediate to felsic - but not basaltic - 
clasts up to nearly 50 cm in diameter. A kilometer 
further south, in the Tiittalanvaara section, the same 
mafic rocks have been encountered as a sheared 
horizon some 20 meters thick in drill core, also 
occurring between polymictic conglomerates. The 
Tiittalanvaara section continues with feldspathic 
graywackes containing sporadic coarser and felsic 
and rounded clasts; the latter become gradually less 
abundant upwards and Lithic Unit 25 represents an 
interval of featureless metapelites about 100 m thick. 
This is in turn followed by a very abrupt change to 
framework-supported polymictic conglomerates 
forrning a distinct unit approximately 200 m thick. 
Clasts appear to be predominantly, if not exclusively 
intrabasinal, and are principally represented by feld- 
spar-rich, sometimes porphyritic fragments, gener- 
ally less than 20 cm in diameter and well rounded, but 
typically poorly sorted (Fig. 15a-c). 

It is seldom possible to ascertain the thickness of 
individual beds within this conglomerate sequence 
and it is very rare to see internal bed forms or grading 
of any kind; Figure 15b shows the clearest example 
found, with depositional larninations preserved in 
the upper, pebble-free part of one bed. This outcrop 
is in fact situated very close to the top of the conglom- 
erate sequence, which passes rather abruptly into a 
succession of metapelites and graywackes that nev- 
ertheless still contain sporadic thin conglomerate 
layers. This uppermost hundred meters of the 
Tiittalanvaara Formation also contains some 
isoclinally folded garnet-rich and amphibole-bear- 
ing iron formations, and ultimately homogeneous, 
but schistose fine-grained mafic rocks, which mark 
the transition to the Pampalo Formation. 

In spite of the high strain in the core of the Ignola 
F, Synform, the section at Vetunmökinkangas (x = 
6976, y = 4564 in Fig. 9) correlates rather well with 
that at Tiittalanvaara. There appears to be a similar 
transition from a sequence of metapelites (Fig. 2 1 b) 
through graded turbiditic graywackes and feldspath- 
ic arenites (Fig. 21a), or in some cases subarkoses, to 
coarse polymictic conglomerates (Figs. 15g, 21d-h), 
thus overall representing a coarsening and thicken- 
ing upward sequence several hundreds of meters 
thick. Most conglomerate clasts are well rounded 
and, as at Tiittalanvaara, are felsic and feldspar-rich. 
Some more competent clasts resemble granitoids 
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(Figs. 15g, 2lg,h) but may alternatively beporphyritic 
felsic volcanics. 

At least one thin mafic clastic unit has been recog- 
nized within the conglomerate and feldspathic 
graywacke succession, and traced for several 
kilometers southwards from Tiittalanvaara, typical- 
ly containing felsic clasts within a mafic, actinolite- 
rich matrix (Fig. 15e,f). If this represents the distal or 
pyroclastic equivalents of the lowest mafic horizon 
in the Pampalo Formation, then it is clear that lateral 
and vertical facies transitions do not necessarily 
coincide with chronostratigraphic boundaries. 

The westwards younging Tiittalanvaara Forma- 
tion sequence on the eastern side of the Ignola F, 
Synform between Pyllynvaara (x = 6985, y = 4566) 
and Hattuvaara (x = 698 1, y = 4565) is relatively well 
exposed and contains fewer conglomerates than the 
western limb. Instead, feldspathic arenites and 
subarkoses are common (Fig. 21c), and often display 
grading and in a few instances planar and channelled 
sets of cross-beds, with a northerly component of 
flow recorded in Figure 15d. 

Interpretation and discussion 

The lateral persistence of Lithic Unit 23 along 
strike suggests that the mafic lavas were erupted onto 
a relatively subdued topography, as was also argued 
for Lithic Unit 6 within the Sivakkojoki Formation. 
This may seem at variance with its context, within 
coarse-clastic felsic volcaniclastic deposits, which 
might be expected to occur in environments with 
higher relief. A subaerial setting cannot be excluded, 
but even if these lava flows were submarine, the 
remainder of the Tiittalanvaara Formation in the 
Tiittalanvaara section can be summarized as two 
fining and thinning upward sequences, that may be 
interpreted in terms of either subsidence followed by 
tectonic instability and uplift of the source region, or 
transgression followed by regression. No diagnostic 
criteria have been found for demonstrating whether 
the main conglomerate sequence represents alluvial 
fan or submarine channel deposits, although the 
latter alternative might be more likely, given the 
thickness of pelitic sediments beneath it, and the 
turbidites and iron formations immediately overly- 
ing it. In the Vetunmökinkangas section the transi- 
tion from metapelites to conglomerates is more rem- 
iniscent of an overall coarsening and thickening 
upward sequence, representing either a gradual re- 
gression or influx of coarse materia1 due to renewed 
tectonic instability. 
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Pampalo Formation (Lithic Units 27-33) 

Distribution and definition 

The boundary between the Pampalo Formation 
and the underlying Tiittalanvaara Formation is placed 
at the lowest mafic horizon in the Tiittalanvaara 
section (x = 6984, y =4565 in Fig. 6), which is closely 
associated with the banded iron formation designat- 
ed as Lithic Unit 26 (and colored bright magenta in 
Fig. 6). the formation cannot be traced very far south 
of Tiittalanvaara, possibly because of original thick- 
ness variations, but most probably due to a combina- 
tion of folding around the Ignola F, Synform and 
subsequent shearing along the fold hinge. Sinistral 
strike-slip shear along the western limb of the 
Synform, with a detachment surface inferred to exist 
at the boundary with the Tiittalanvaara Formation, 
also resulted in apparent thickening of the mafic 
units, forming the Juttuhuuhta Duplex (Figs. 5 and 
6). The formation has been followed for some fifteen 
kilometers north and northwest of the toe of the 
Juttuhuuhta Duplex at Pampalo (x = 6987, y = 4564 
in Fig. 6), parallel to the margin of the Korpivaara 
Tonalite, and disrupted by the Pampalonuuro Tonalite. 
Similar lithologies are also present at Pieni Kivijärvi 
(x = 6997, y = 4561 in Fig. 8), although, as noted 
earlier, it is possible that these rocks belong to the 
Hosko Formation instead. A very similar lithological 
association is also present between the eastern mar- 
gin of the Korpivaara Tonalite and the western edge 
of the Hoikan Kylkeinen Granodiorite (x = 6981, y = 
4566 ). The Formation is apparently overlain con- 
cordantly by a sedimentary sequence with mafic 
volcanogenic intercalations, but due to the general 
scarcity of outcrops, these rocks have not been as- 
signed to any particular formation. 

Description 

The Pampalo Formation includes a distinctive and 
heterogeneous range of mafic rocks and the only 
unequivocal ultramafic volcanic rocks encountered 
so far. Because of the range in lithological variation 
along, as well as across strike, and the difficulty in 
identifying structural features comparable to those 
developed in sedimentary lithologies, internal subdi- 
vision of the formation is very dependent upon geo- 
physical data (Fig. 5). Therefore, although geophysi- 
cal anomalies have been correlated with particular 
primary lithologies where exposure perrnits, subdi- 
vision of the Formation presented here should be 
regarded as approximate and provisional, particular- 
ly since there is not necessarily a consistent relation- 
ship between lithology and intensity of magnetic or 

IP anomalies. Geophysical data have also been very 
important in delineating the structural geometry be- 
tween Tiittalanvaara and Pampalo (x = 6987, y = 
4564 in Fig. 6), enabling the apparent thickening of 
the Formation in this area to be interpreted as the 
result of tectonic repetition. Thus the Pampalo For- 
mation is more likely to be only 300-400 m thick in 
total. 

It appears from the Tiittalanvaara section that the 
lowest mafic horizons within Lithic Unit 27 of the 
Parnpalo Formation are intercalated with graywackes 
and banded iron formations of Lithic Units 24 and 26 
respectively. They tend to be homogeneous basalts 
and medium-grained dolerites in which relict 
plagioclase grains are commonly evident; large horn- 
blende crystals in coarser-grained lithologies may 
also represent recrystallized primary amphibole or 
pyroxene phenocrysts. These latter are more charac- 
teristic of several exposures in Lithic Unit 29, which 
record progressive changes in grain size fromdolerite 
to coarse-grained gabbro, the latter possibly origi- 
nally having been pyroxenite. 

In general it is difficult to find criteria for discrim- 
inating between an origin as sills or flows for Lithic 
Units 27 and 29. However, at Tiittalanvaara, 
Pyllynvaara (x = 6985, y = 4566) and above the roof 
t h s t  of the Juttuhuuhta Duplex immediately east of 
Pampalo (x = 6987, y = 4565), a seemingly concord- 
ant transition exists with coarse clastic sediments 
representing Lithic Unit 28. On the other hand, 
between Tiittalanvaara and Pyllynvaara, in the core 
of the Ignola F, Synform, banded iron formations 
correlated with Lithic Unit 26 are almost brecciated 
and enclosed by mafic rocks, although even this may 
be tectonic rather than intrusive in origin. 

Lithic Unit 28 appears to comprise a valuable 
marker horizon within the Pampalo Formation, even 
though it shows considerable variation along strike 
(assuming, of course that it everywhere corresponds 
to a single persistent horizon). It is also of interest 
since apparently it is the principal host rock to gold 
mineralization at Pampalo, although whether this is 
a function of composition, rather than mechanical 
properties and orientation, has not been established. 
At Pyllynvaara a distinctly conglomeratic aspect is 
evident, with rounded polymict, but predominantly 
intermediate to mafic clasts up to 30 cm in diameter 
forming massive deposits at least 20 m in thickness, 
with a matrix rich in prismatic growths of amphibole. 
A further lithology encountered in several places 
consists of fine-grained, sometimes porphyritic in- 
termediate clasts in a homogeneous pale green 
actinolite-rich matrix (Fig. 19c). Elsewhere Lithic 
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Unit 28 is transitional into massive and banded felsic 
feldspathic lithologies that may be pyroclastic de- 
posits. Tf this is so, this then records a clear bimodal 
character to volcanism. This is manifested in some 
places by irregular breccias at the inferred contact 
between Lithic Units 27 and 28, generally with 
fragments of mafic composition in more felsic mate- 
rial. Where the degree of deformation is intense, it 
can also be difficult to distinguish such felsic 
lithologies from tonalitic dikes related to granitoid 
emplacement. 

The uppermost unit defined within the Pampalo 
Formation is Lithic Unit 30, which has not been 
encountered south of Tiittalanvaara, probably be- 
cause of structural controls rather than a restricted 
primary distribution. Tectonic disruption is also in- 
voked to explain the distribution of the Unit at the 
northern end of the Juttuhuuhta Duplex, where the 
current interpretation requires that Lithic Unit 29 has 
been excised by an inferred fault or shear zone that 
must have propagated locally downwards through 
the stratigraphy. Although contacts with adjacent 
units have not been found in outcrop, Lithic Unit 30 
is readily recognizable because of its ultramafic 
character. In the triangular zone at Pampalo, at the 
northern end of the Juttuhuuhta Duplex (x = 6987, y 
= 4564 in Fig. 6), the predominant lithology is 
finely banded and veined talc-chlorite-tremolite schist 
that has been strongly folded but several hundred 
meters along strike to the northwest, primary 
lithological and textural features are betterpreserved. 
From these exposures it is apparent that Lithic Unit 
30 represents extrusive, rather than intrusive 
ultramafic magmatism, and hence that it forms an 
integral part of the supracrustal stratigraphic se- 
quence. The Unit may consist of a series of flows but 
at least one is clearly exposed, with a massive, 
tremolite-dominated inferred basal part that contains 
no discernible features except for scattered angular 
rhomboidal chlaritic aggregates that probably repre- 
sent pseudomorphs after cumulus pyroxene or olivine. 
It is clear however from their relatively small abun- 
dance that they do not represent an ultramafic cumu- 
late in a unit that was otherwise of mafic bulk 
composition, and this is consistent with both 
geochemical data (O'Brien et aL, 1993a, this val- 
ume) and the ultramafic character of overlying angu- 
lar fragmental lithologies with a distinctly clastic 
texture (Fig. 15h). Therefore it seems that Lithic Unit 
30 records the first compelling evidence for the 
existence of komatiitic volcanic rocks within the 
Hattu schist belt, provided that the ultramafic rocks 
described in connexion with the Hosko Formation 
correspond to the same stratigraphical horizon. This 

interpretation seems tenable given the additional 
similarities between the basalts, conglomerates and 
felsic volcanic lithologies in the Pieni Kivijärvi pro- 
file (Fig. 16) and Lithic Unit 28 of the Pampalo 
Formation. 

A clastic metasedimentary sequence that structur- 
al overlies Lithic Unit 30 occurs in the hanging wall 
of the Pampalo Shear Zone at x = 6988.5, y = 4564.5 
in Eigure 6. These deposits include felsic andpolymict 
conglomerates with rounded clasts and some evi- 
dence for grading, bnt evidently do not contain any 
ultramafic material (Fig .19g). It is uncertain whether 
these represent a thrusted repetition of Lithic Unit 28, 
or a sedimentary sequence stratigraphically overly- 
ing the Lithic Unit 30 ultramafic rocks. A virtually 
identical lithological association, with conglomer- 
ates juxtaposed against fragmental ultramafic rocks 
occurs at the western margin of the Hoikan Kylkeinen 
Granodiorite (x = 6991, y = 4566 in Fig. 6), and 
above the eastern shore of the lake Pieni Kivijärvi 
(Fig. 16c and x = 6997, y = 4561). If this juxtaposi- 
tion is entirely tectonic, then it must be a very 
extensive detachment surface indeed, and should 
predate formation of the Juttuhuuhta Duplex as well 
as deformation related to intrusion of the Korpivaara 
Tonalite and Hoikan Rylkeinen Granodiorite. 

Interpretation 

Very little has been deduced conceming the envi- 
ronment of eruption of the Pampalo Formation rocks. 
However the presence of graywackes and iron for- 
mations intercalated with mafic volcanics at the 
transition from the Tiittalanvaara Formation to the 
Pampalo Formation suggests eruptionwithin a trans- 
gressive, or subsiding, submarine setting. Limited 
sedimentary and therefore possibly subaerial rework- 
ing of felsic to intermediate volcanogenic material is 
implied by the presence of conglomerates with 
rounded clasts in Lithic Unit 28. Possible pillow 
structures have been recognized in only one outcrop 
of mafic rocks, whereas the absence of recognizably 
exotic material in the breccias at the top of the 
ultramafic flow in Lithic Unit 30 at least indicates 
that they did not incorporate unconsolidated 
sediments, even though this in itself would not pre- 
clude subaqueous extrusion. Very few geochemical 
data exist for the Pampalo Formation, so that at 
present it is uncertain whether the Spectrum of com- 
positions present record fractionation of a single 
magma, or magmas derived from separate sources, 
with or without mingling during ascent (O'Brien et 
al., 1993a, this volume). 
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Korvilansuo Formation (Lithic units 60-69) 

Distribution and definition 

The area between the Silvevaara Granodiorite and 
Kuittila Tonalite (Fig. 10) has been intensively stud- 
ied because of its gold potential, which has been 
reviewed in detail by Hartikainen and Nurmi (1993, 
this volume) and Nurmi et al. (1993, this volume). 
Lithological diversity in this part of the Hattu schist 
belt is in general less than further north, making 
lithostratigraphic subdivision more difficult. How- 
ever moderately good exposure exists between the 
Kivisuo and Korvilansuo prospects and around the 
Muurinsuo prospect at the northern end of the Kuittila 
Tonalite (Fig. 10). This has enabled, in conjunction 
with structural analysis, detailed ground geophysical 
data, and information from selected exploration drill 

holes, the recognition of several lithofacies and po- 
tential marker horizons. The Kauravaara Shear Zone 
in Figure 10 is taken to mark the western boundary of 
the Korvilansuo Formation, even though it is most 
likely that the adjacent sediments are part of the same 
overall succession. Therefore the upper and lower 
boundaries of the Korvilansuo Formation remain 
undefined. 

Description 

The Korvilansuo Formation exhibits widespread 
hydrothermal alteration (Fig. 23 a-h) broadly related 
to gold mineralization (Bornhorst and Rasilainen, 
1993, this volume; Nurmi et al., 1993, this volume), 
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Fig. 10. Geological map of the Kuittila Domain, reduced from 1 : 20 000 field map compilations 
and digitized by P. Kurki. 



but despite this, and relatively high strain in many 
places, primary depositional grading has been recog- 
nized in some graywacke units (Fig. 17a, b), both in 
outcrop and drill core. This has permitted a major N- 
plunging antiform to be traced from Korvilansuo 
through Kivisuo and past the Muurinsuo prospect, 
where it assumes a more northerly trend (Fig. 10). 
This antiform is designated the Muurinsuo F, 
Antiform and appears to have been both transected 
by and deflected aronnd the Kuittila Tonalite, sug- 
gesting that at least the later stages of folding were 
closely associated with pluton emplacement. The 
truncation of geophysical anomalies and the results 
of detailed outcrop mapping between the Korvilansuo 
and Kivisuo prospects further indicate that the hinge 
of the Muurinsuo F, Antiform must be highly asym- 
metric or obliquely truncated by the some zone of 
high strain, depicted by the Korvilansuo Shear Zone 
in Figure 10. This means that the least disrupted and 
most suitable section for examining the lithological 
variation and sequence in the Korvilansuo Forma- 
tion is the W-dipping and westwards younging west- 
ern limb of the Muurinsuo F, Antiform behveen the 
Korvilansuo and Kivisuo prospects. 

The protoliths to the hydrothermally altered rocks 
of the Korvilansuo Formation consisted of feldspath- 
ic graywackes of variable thickness alternating with 
more pelitic horizons. Grading is the most commonly 
preserved primary depositional feature but current 
bedding is present in some of the coarser-grained 
deposits. Given the northerly plunge of the Muurinsuo 
F, Antiform the lowest exposed strata should occur 
adjacent to the Korvilansuo Shear Zone at 
Korvilansuo, and these deposits are designated as 
Lithic Units 60 and 61, shown respectively in pale 
blue and violet in Figure 10. The distinction between 
these two units is more on the basis of map-scale 
geophysical properties than lithological differences 
in outcrop, with the proportion of sulfides present 
being highly variable and not necessarily related to 
primary detrital grain size; some coarse-grained 
arenites for instance have been found to contain 
disseminated magnetite, while in general it is proba- 
ble that the distribution of sulfides relates to 
hydrothermal alteration processes. Thus, of the two 
subparallel highly magnetic zones between the 
Kuittila Tonalite and Silvevaara Granodiorite in the 
aeromagnetic image in Figure 3, the one nearer 
the Kuittila Tonalite probably represents post- 
depositional sulfide dissemination within a zone 
almost concordant with lithological layering, rather 
than an initially magnetically anomalous horizon. 
However, the anomaly nearer the contact with the 
Silvevaara Granodiorite is attributed to a distinct 
horizon of mafic schists, basalts and iron formations 
(shown in green in Fig. 10) that can be traced almost 
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entirely around the southern and western margin of 
the pluton (Fig. 3). 

Graywacke bed thicknesses within the Korvilansuo 
Formation are highly variable, no doubt in part due to 
variations in strain but some graded beds were, 
clearly several meters thick, while many examples of 
graywacke-pelite alternations over tens of centimeters 
are also common (Fig. 23 g, h). Outcrops are not 
large enough for regular or cyclic progressions in bed 
thickness to be recognized, nor has a complete Bouma 
sequence been identified from individual graded 
beds (Fig. 17 a, b). In many places bedding has been 
obliterated by intense foliation development and 
transposition (Fig. 23 b, c, d) and porphyroblast 
growth in pelitic horizons (Fig. 23 e, f). 

Lithic Unit 62 may not be as continuous as depict- 
ed in Figure 10, where it is shown as a narrow green 
horizon, but represents a variety of more mafic 
lithologies found at this level within the Korvilansuo 
Formation. These include outcrops of homogeneous 
fine- to medium-grained dolerite immediately north- 
east of the Kivisuo prospect; with a combined thick- 
ness of about 50 m across strike. Although 
lithologically resembling the numerous early 
Proterozoic mafic dikes that occnr in the region, 
these are intensely deformed at their margins and 
concordant with Korvilansuo Fonnation sediments. 
Therefore an Archean age seems indisputable, al- 
though it is not clear whether they represent sills or 
basaltic flows. This horizon also coincides with a 
pronounced blank area separating two anomalous 
zones with respect to both magnetic properties and 
till and gold abundances (Nurmi et al., 1993, this 
volume). 

Along strike at Korvilansuo there is evidence for 
a layered, clastic origin for a mafic sequence at least 
20 m thick, with large hornblende pseudomorphs 
after presumed pyroxene phenocrysts. Lithic Unit 62 
has not been identified at the Muurinsuo prospect but 
mafic intercalations several meters in thickness are 
relatively common and due to the abundance of 
chlorite and actinolite, are readily distinguished from 
the prevailing feldspathic graywackes (Fig. 17d). 
They are however too thin and abundant to form 
useful marker horizons, so that the continuity of 
individual beds between adjacent drilling profiles 
has not been established. Some units contain round- 
ed felsic clasts, suggesting a resedimented origin 
(Fig. 17d), but some more mafic and massive as well 
as fragmental rocks are also present at Kivisuo and 
Korvilansuo. Many drill cores from the Korvilansuo 
and Muurinsuo prospects also show mica schists 
with adark greenish hue caused by abundant chlorite. 
This, however is likely to be aproduct of hydrothermal 
metamorphism of micaceous sediments rather than 
reflecting a mafic precursor. 
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Lithic Units 63 and 65 (and 66 to 69, which can be nae were originally heavybineral accumulations, no 
traced around the continuation of the Mourinsuo l!; primary grains have survived metamorphism, since 
Antiform as far north as x = 6975, y = 4564 in Fig. they now consist predominantly of fine-grained 
9) do not contain any features that distinguish them amphibole. 
from the graywackes and pelites of Lithic Units 60 
and 61 but the intervening Lithic Unit 64 (indicated 
in dark blue in Fig. 10) is defined on the basis of 
relatively abundant conglomeratic intercalations Discussion and interpretation of depositional 

(Figs. 17a, b, 22d). These are not very common or environment and relationships to other units 

thick at Korvilansuo (Fig. 17a), where they contain A turbiditic origin for the Korvilansuo Formation 
pelitic clasts and well-rounded feldspar-rich frag- graywackes seems likely but very little can be in- 
ments that seldom attain 5 cm in diameter. The ferred concerning depositional environment or facies 
abundance of coarse clastic deposits appears to in- relationships. The tractional current features and 
crease northwards and they are best exposed in the abundance of rounded clasts in Lithic Unit 64 could 
hinge zone of the Muurinsuo F, Antiform at be interpreted as submarine channel fill and do not 
Korentovaara, imrnediately north of the Kuittila necessarily relate to major tectonic or eustatic chang- 
Tonalite, where lithological layering is commonly es affecting basin geometry. The restricted occur- 
well preserved at a high angle to the axial planar rence of mafic volcanic or volcaniclastic rocks in 
foliation (Fig. 17b). In this area there is a greater Lithic Unit 62 should also be interpreted within the 
diversity in both clast size and composition. Clasts overall context of turbiditic sediments. 
are characteristically well rounded and only rarely Correlation with the northern part of the schist 
form an entire framework; often they occur as isolat- belt is hampered by poor exposure West of the in- 
ed clasts whose diameter approaches or even exceeds ferred trace of the Kelokorpi Shear Zone (from x = 
that of bed thickness (Figs. 17b, 22d). 6970, y = 4564 to x = 6981, y = 4564 in Fig. 9), as 

With the exception of dark and irregularly shaped well as uncertainty regarding the precise nature and 
pelitic clasts that probably represent disrupted pelitic magnitade of displacement associated with this struc- 
layers, most clasts are felsic and themselves contain ture. However, it is inferred from Figs. 6 and 9 that 
clastic textures, although a few resemble granitoids. supracrustal screens between dikes along the eastern 
Since the clasts have, depending on their rheology, margin of the TasanvaaraTonalite extrapolate south- 
been variably deformed and recrystallized along wards towards Korentovaara and, given the lack of 
with their enclosing matrix, it is nevertheless gener- disruptions to geophysical anomalies, and the con- 
ally difficult to distinguish between a pyroclastic, sistent steep northerly plunge of the dominant linea- 
plutonic or reworked sedimentary source. Micro- tion, it is quite probable that the Korvilansuo Forma- 
scopic studies do not necessarily resolve this prob- tion is the stratigraphical equivalent of the lower part 
lem, except where it can be demonstrated that the of the Sivakkojoki Formation. If this is so, then the 
abundance of quartz exceeds what could reasonably Korvilansuo Formation also represents some of the 
be expected for agranitic plutonic rock. Thequestion oldest exposed units in the Hattu schist belt. As with 
of local, intraformational origin as opposed to an the Sivakkojoki Formation, there are no indications 
exotic, and possibly older provenance for some clasts as to what thickness of sediments separate these 
has been addressed by Vaasjoki et al. (1993, this rocks from their ultimate depositional substrate, or to 
volume), and will also be examined later in this the nature of such basement. Although it is not 
paper. reasonable to attach regional significance to the 

Drill core from the Muurinsuo prospect common- solitary paleocurrent observationfrom Korentovaara, 
ly shows thin conglomerate horizons interbedded it is nevertheless curious that a northerly component 
with graywackes and mica schists but the more to flow is also recorded from the Sivakkojoki and 
extensively developed conglomerates at Koren- Tiittalanvaara Formations. This is not what would 
tovaara seldom show graded turbiditic interbeds. intuitively be expected from the general decrease in 
Instead, thin planar sets showing current bedding are abundance and grain size of coarse clastic sediments 
sometimes present (Fig. 17b), and in several instanc- when progressing southwards along the schist belt. 
es scour and fill structures have been identified. The Rather, it could be otherwise envisaged that the 
prominent dark-colored foreset laminae in Figure Korvilansuo Formation represents early and more 
17b indicate a northerly component of paleoflow in distal deposition, with the more abundant felsic 
the horizontal plane exposed in this outcrop; micro- volcaniclastic deposits of the northern part of the schist 
scopic examination also revealed that if these larni- belt recording proximity to a major volcanic center. 
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(Ahu) Ukkolanvaara Formation (Lithic Units 80-87) 

Distribution and definition 

The western boundary of the Ukkolanvaara For- 
mation is taken as the Tsurkkila Shear Zone, which 
trends parallel to the Kelokorpi Shear Zone along the 
eastern margin of the Kuittila Tonalite (Figs. 9, 10 
and 1 1). This is a structural feature postulated largely 
because of truncation of geophysical anomalies and 
the juxtaposition of structural domains with differing 
younging and cleavage relationships. Therefore it is 
possible that a different approach to resolving these 
structural complexities would allow the lithologically 
similar sediments between the Kelokorpi and 
Tsurkkila Shear Zones to be included in the Forma- 
tion (Fig. 10). The southeastern boundary is similarly 
placed at a structural break, even though there is no 
essential change in lithology across this boundary 
(the heavy blue line extending through x = 6963, y = 
4565 and x = 6966, y = 4567 in Fig. 11). To the 
northeast the UkkolanvaaraFormation is intruded by 
the Viluvaara Granodiorite (Fig. 9) but this area is 
very poorly exposed, so that the contact is only 
precisely defined, as aresult of drilling and IP ground 
geophysical studies, to the north of latitude x = 6975 
in Figure 9. 

Description 

Lithic Units 80 and 8 1 are distinguished from each 
other only on the basis of more intensive magnetic 
anomalies being associated with the latter, and nei- 
ther unit is adequately exposed for characterizing 
lithological features and variations. They are in- 
ferred to stratigraphically underlie Lithic Units 82 to 
87 but this interpretation is based on regional struc- 
tural considerations. 

Lithic Units 82 and 84 are readily recognizable 
even in areas of poor exposure because of their 
intense magnetic signature, which is due to the abun- 
dance of magnetite in these sediments. Although 
they are considered in Figure 9 to represent two 
distinct horizons of banded iron formations separat- 
ed by clastic sediments of Lithic Unit 83, an alterna- 
tive explanation would be that they represent the 
refolded limbs of an early isoclinal fold closing against 
the Tsurkkila Shear Zone several kilometers north of 
Ukkolanvaara (at x = 6974, y = 4564.5 in Fig. 9). 

The banded iron formations within Lithic Units 82 
and 84 were first described by Frosterus and Wilkman 
(1 920) and their economic potential and geochemistry 
was subsequently assessed by Niiniskorpi (1975) 
and Laajoki and Lavikainen (1977). Niiniskorpi 

(1975) concluded that although they were some of 
the most promising deposits in the Archean of east- 
ern Finland in terms of magnetite content and overall 
tonnage, they were not of sufficiently high grade or 
volume to warrant commercial exploitation. It is 
difficult to make thickness estimates for these units 
because of their propensity for isoclinal folding (Fig. 
22e-h) but at Ukkolanvaara they certainly exceed 
100 m in thickness. Amphibole, typically griinerite, 
is common in less iron-rich interbeds but where best 
developed the iron formations consist of rather pure 
magnetite and recrystallized quartz couplets with 
alternating laminae from 1-10 cm in thickness (Figs. 
17c and 22e-h). 

The most interesting and best preserved sediments 
within Lithic Unit 85 of the UkkolanvaaraFormation 
are well exposed around Ukkolanvaara itself (x = 
697 1, y = 4565 in Figs. 9 and 1 1. These include some 
very good examples of graded turbiditic graywackes 
that are nevertheless devoid of any other relict 
depositional features (Fig. 22b,c). Bed thicknesses 
vary from less than 10 cm to more than a meter and 
do not appear to be regularly arranged in thickening 
or thinning upward sequences. The Ukkolanvaara 
area is also structurally complex so that is very 
difficult to deduce a composite stratigraphical se- 
quence. Some reversals of younging that do not 
appear to have any associated tectonic axial planar 
fabric may be attributable to synsedimentary slump- 
ing, although no evidence for this phenomenon has 
been documented elsewhere in the schist belt. Fur- 
thermore the wavelength of folding is such that it is 
difficult to establish which are parasitic and which 
are dominant limbs. This also means that the contact 
between Lithic Units 84 and 85 must involve 
disharmonic folding or some kind of dislocation and 
thus it is only on the basis of structural relationships 
established elsewhere that Lithic Unit 84 is deduced 
to stratigraphically underlie Lithic Unit 85. 

A relatively well exposed area near Myllylampi 
and Kivilampi (x = 6965, y = 4565) also consists of 
turbiditic graywackes and pelitic schists assigned to 
Lithic Unit 85, implying a thickness of many hun- 
dreds of meters for these deposits. Lithic Units 86 
and 87 do not differ significantly from Lithic Unit 85, 
with Lithic Unit 86 being designated because of the 
accompanying magnetic anomaly. 

Discussion and interpretation 
The Ukkolanvaara Formation is not known to 

contain coarse clastic or obvious volcanogenic detri- 
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tus and therefore rnay be relatively low and distal in formations to the Lithic Unit 85 turbiditic graywackes, 
the stratigraphical sequence. It is not however prac- if correctly interpreted, suggests progradation of 
tical at present to correlate the Formation directly sediment-gravity flows into an environment previ- 
with the tectonically juxtaposed and lithologically ously starved of terrigenous detritus. This could 
similar Korvilansuo and Tiittalanvaara Formations. clearly be either tectonically induced or be attributed 
The transition from the Lithic Unit 84 banded iron to eustatic changes. 

Naukulampi Formation (Lithic Units 88-89) 

Distribution, description and discussion 

This Formation has been designated partly to em- 
phasize an apparent structural break of unknown 
significance that separates it from the Ukkolanvaara 
Formation (colored brown and magenta in Fig. 1 1) to 
the west. A narrow and impure iron formation is 
present along this structural zone, known as the 
Kivilampi Shear Zone, for at least part of its length. 
This iron formation rnay indeed correlate with Lithic 
Unit 84 of the Ukkolanvaara Formation, in which 

case the demonstrably overlying sediments correlate 
with the Ukkolanvaara Formation graywackes. This 
inference is logical, but dependent upon which of 
several possible structural interpretations is accept- 
ed. Grading is sporadically present, as are occasional 
current bedded and scoured layers but most of the 
formation appears rather massive and featureless. 
Much of this can be attributed to relatively intense 
deformation and recrystallization (Fig. 23a), often 
with extensive porphyroblast growth (Fig. 23e). 

Haja Supersequence 

This is exposed over a distance of several kilometers 
within an easterly trending zone (Fig. 12) whose 
anomalous structural orientation is analogous to that 
of magnetic units deflected around the southern mar- 
gin of the Silvevaara Granodiorite (Fig. 3). Despite 
this structural resemblance, and the presence of mafic 
rocks in both instances, lithostratigraphical correla- 
tion is not necessarily warranted and in fact the much 
greater thickness of mafic lithologies at Ilajanjärvi 

alone justifies their consideration as a distinct 
lithostratigraphical entity. Supersequence status rnay 
be difficult to maintain in view of the apparently 
restricted distribution of these rocks, but usage of the 
term at least serves to draw attention to the possibil- 
ity, discussed below, that they rnay underlie at least 
part of the Hattu Supersequence. So far, the 
Ruukinpohja Formation is the only lithostratigraphic 
unit to be formally defined. 

Ruukinpohja Formation (Lithic Units 90-94) 

Distribution and definition 

The Ruukinpohja Formation occupies an arcuate, 
almost easterly trending zone along the southern 
shores of the lakellajanjarvi, from where it evidently 
continues across the national border into Russian 
Karelia (Fig. 12). Contacts with the Longonvaara 
Granite which outcrops several kilometers to the 
north of Ilajanjärvi are not seen, so that the boundary 
rnay actually be somewhat further north than that 
drawn in Figure 12. The southern contact between 
pelitic sediments and the Lukanvaara Leucogranite 
at Hirsikangas (x = 6964, y = 4571) is better con- 
strained, although there are no exposures in the 
intervening swampy terrain, through which some 
kind of structural break is inferred to pass (heavy blue 
lines in Fig. 12). 

Description 

The Ruukinpohja Formation rnay be at least a 
kilometer thick, providing that repetition by folding 
has not taken place. This is not easy to demonstrate 
or refute, due to the rarity of younging cderia in 
these rocks, and the relative difficulty in observing 
lithological layering and cross-cutting foliations com- 
pared to the situation in pelitic sediments. Thus the 
cluster of outcrops at Utrio (x = 6976, y =457 1 in Fig. 
12) shows a southwards transition from rather well- 
preserved pillow basalts (Fig. 17e) to feldspathic 
banded clastic deposits (Lithic Units 93 and 94), but 
do not appear to correlate along strike with a similar, 
and betterexposed, lithological transition (from Lithic 
Unit 90 to Lithic Unit 92) some 2 km further east at 
Louhikangas (x = 6975.5, y = 4573). None of the 
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Fig. 11. Geological map of the Naukulampi Dom&, reduced from 1: 20 000 field map compilations. 
Topogaphical and cadastral base published with pennission from theFmnish National Mapping Authority. 

Ruukinpohja Formation lithologies register strong or faulted repetition of Lithic Units 90 and 92. 
magnetic anomalies, so that it has not been possible Irrespective of whether or not the Utrio and 
to use geophysical data to address the question of Louhikangas exposures represent repetition of the 
whether Lithic Units 93 and 94 reflect either folded same stratigraphic horizon, abundant exposures be- 
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Fig. 12. Geological map of the Ilaja Domain, reduced from 1: 20 000 field map compilations. 
Topographical and cadastral base published with pedss ion from the Finnish National Mapping 
Authority. 

tween the southern shore of Ilajanjärvi (x = 6976, y 
= 4573 in Fig. 12) and Louhikangas enable a fairly 
continuous profile through almost 700 m of the 
Ruukinpohja Formation to be documented. Mafic 
lithologies dorninate the first 500 m of tfiis section, 
which therefore makes it the thickest succession of 
such rocks known from the Hattu schist belt. An 
overall southwards younging direction has been de- 
duced from some pillow lavas that show rather dubi- 
ous and highly distorted teardrop shapes near Uie 
putative base of the sequence (Fig. 17f), as wellas 
from the general nature of the transition to more 
felsic and clastic lithologies. Pillow lavas in fact 
appear to be quite rare, most of Lithic Unit 90 

consisting of featureless but foliated and fine-grained 
basalt consisting almost entirely of plagioclase and 
hornblende. 

Several outcrops immediately east of The river 
fiowing out ofllajanjärvi and adjacent to the Russian 
border (Fig. 12) have nevertheless revealed a variety 
of textures including a succession of massive and 
relatively coarse-grained units ranging from less 
than 2 m to over 20 m in thickness, in some cases 
separated by narrow and seemingly laminated layers 
of finer-grained materia1 (Eig. 17g). Several inter- 
pretations of these features are possible, including 
gabbroic sills with remnant enclaves and screens of 
country rock, lava flows of variable thickness, with 
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coarse-grained bases due to cumulus processes and 
erosion of underlying units, or even mafic 
volcaniclastic deposits. The sill interpretation is per- 
haps least likely, given the lack of evidence for 
chilled margins. Another very coarse and compact 
amphibole-rock, presumably derived from a massive 
pyroxenitic protolith, forms a unit 20-30 m thick that 
has been traced for several kilometers within Lithic 
Unit 90 (and designated as Lithic Unit 91); in this 
case too, it is difficult to ascertain whether it repre- 
sents a sill or cumulate at the base of a flow. 

The inferred top of the mafic sequence at 
Louhikangas (and hence the transition to Lithic Unit 
92)is marked by the occurrence of more schistose 

lithologies with clastic features, including breccias, 
felsic to intermediate intercalations and ferrngi- 
nous and garnet-rich layers that may represent low- 
grade iron formations. Over a transitional interval 
some 50-100 m thick these are progressively re- 
placed by feldspar-dominated sedirnents, with some 
conglomeratic interbeds in which the majority of 
clasts appear to be either feldspathic volcaniclastic 
or sedimentary in origin. Feldspar-rich sediments 
persist until the last available exposures, some 200 
m above the top of Lithic Unit 90. If Lithic Unit 93 
is conformable, rather than in tectonic contact 
with, Lithic Unit 92, then these feldspathic depos- 
its are overlain by another mafic interval, including 
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Fig. 14. Sivakkojoki andKuljunki Formationlithologies. a.Plagioclase phyric pyroclastic or cumulate unit of andesitic composition 
from base of composite mafic sequenee exposed near Poikopaa. Apptoximately natural size. b. Inclusion of plagiociase phyric rock 
in mafic piliow lava breccia immediately overlying outcrop near Poikopaá shown in Fig. 13a. Brunton compass diametef is 7 cm. 
c. Polymictic pebbly conglomerate and cross-larninated feldspathic arenites overlying mafic succcssion at Poikopää, Note 
abundance of elongate mica-rich clasts which also define composite SS,-S, foliation. Brunton compass diameter is 7 cm. d. Contact 
between compositemafic sequence andoverlying feldspaihic clastic deposits at Poikopaäsection. Note disharmonic dextraiF, folds 
and abundance of gamet in mafic unit, and isolated patcbes nch in plagiwlase phenocrysts. Bninton compass diameter is 7 cm. 
e. Probable weakly reworked felsic pyroclastic deposit at Kuljunki. Note angular, prismatic hahit of large plagiwlase crystals. 
Bninton compass diameter is 7 cm. f. Intensive S, crenulation cIeavage differentiation at high angle to lithological layering in 
metapelites underlying coarse-clastic sequence at Kuljunki. Brunton compass diameter is 7 cm. g. Clast-supported conglomeratic 
deposit at Kuljunki, Brunton compass diameter is 7 cm. h. Angular fragmwts of hornblende- and plagioclase-phyric dacite or 
andesite in possible pyroclastic lahar deposit at Kuljuaki. Brunton compass diameter is 7 cm. 
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Fig. 15. Tiittalanvaara and Pampalo Formation lithologies. a. Well-rounded fine-grained mafic and coarser feldspar-rich clasts in 
polymictic conglomerate near base of Tiittalanvaara Formation. Brunton compass diameter is 7 cm. b. Rare evidence for lirnited 
sorting and sedimentary lamination from main conglomerate sequence within Tiittalanvaara Formation at Tiittalanvaara. Brunton 
compass diameter is 7 cm. c. Felsic and mafic clasts in main polymictic conglomerate sequence within Tiittalanvaara 
Formation; note evidence for flattening of clasts prior to folding. Approximately 0.5 x natural size. d. Deformed trough cross- 
laminations in feldspathic arenites within Tiittalanvaara Formation at Hattuvaara. Paleocurrent flow vector in this section towards 
north (left to right). Brunton compass diameter is 7 cm. e. Large flattenedfelsic clasts within mafic matrixfrom narrow intercalation 
within Tiittalanvaara Formation graywackes, Hattuvaara. Brunton compass diameter is 7 cm. f. Photomicrograph of angular felsic 
clasts in actinolite-rich mafic matrix, from mafic intercalation within Tiittalanvaara Formation, Hattuvaara. Field of view is about 
25 mm in width. g. Mylonitic polymictic conglomerate withinTiittalanvaara Formation at Vetunmökinkangas. Large, less flattened 
clast in center resembles granitoid, whereas more elongate clast below it containing angular feldspar grains is more obviously 
volcaniclastic. Brunton compass diameter is 7 cm. h. Angular and rounded fragments in presumed autobrecciated upper part of 
komatiitic unit witbin Pampalo Formation at Pampalonlammit. Brunton compass diameter is 7 cm. 
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Pieni Kivijärvi 

Fig. 16. Sketch showing distribution of lithologies and details of stmctures in series of outcrops above eastem shore of 
the lake Pieni Kivijärvi (x = 6997, y = 4562 in Fig. 8). Lithologies as follows: pel = intermediate pelitic schists; dac = 
massive dacitic pyroclastic or possibly intmsive units; ba = highly strained pillow basalts and mafic schists; ko = 
komatiite with clastic textures. 
a. Sinistral extensional strike-slip shears and offsets of concordant felsic dike or layer within mafic schists. Width of 
sketch represents approximately 1 m in outcrop. 
b. Apparent dextral extensional shears, duplexes and folding of early foliation within phyllonitic and mylonitic horizon 
nearly 1 m thick in massive dacitic lithology. 
c. Dextral folds in polymictic conglomerate horizon sharply juxtaposed against ultramafic talc-tremolite schisr which 
also shows dextral folding and boudinage axial planar quartz-tremolite veins. Width of sketch represents approximately 
1 m in outcrop. 



Geological Survey of Finland, Special Baper 17 
An overview of structural evolution and l i a c  units ... 

Fig. 17. Korvilansuo, Ukkolanvaara and Ruukinpohja Formation lithologies. 
a. Alternations of stratified feldspathic graywacke and polymict pebbly deposits at Korvilansuo. Together they may represent single 
graded turbidite units, although this is not readily apparent from this exposure. Brunton compass diameter is 7 cm. 
b. Rounded plutonic or porphyritic volcanic clasts and darker pelitic fragments in pebbly feldspathic graywacke to subarkose at 
Korentovaara. These units are seldom graded and often show evidence for tractional depositional processes. Note in particular 
truncated tabular cross-beddingat arrow, with apparent vector of paleocurrent flow from left to right. Apparent imbrication of clasts 
is of tectonic, not depositional origin. Brunton compass diameter is 7 cm. 
c. Boudinaged and folded magnetite-rich and quartz-rich couplets in relatively well-developed iron formations at Ukkolanvaara. 
d. Isolated feldspathic porphyry clasts in relatively mafic intercalation within graywacke sequence at Muurinsuo. Brunton compass 
(at extreme lower right) diameter is 7 cm. 
e. Deformed basaltic pillows in horizontal and vertical section from Ruukinpohja Formation at Utrio. Brunton compass diameter 
is 7 cm. 
f. Highly strained pillows from the Ruukinpohja Formation exposed along the Southern shore of the lake Ila~anjarvi. In spite of 
intense deformation, they nevertheless retain possible evidence of younging towards the top of the photograph, where they are in 
sharp tectonic contact with a highly sheared lithology lacking pillow structures. Brunton compass diameter is 7 cm. 
g. Coarse mafic lithology possibly marking base of thick lava flow, overlying interflow sediments near outflow of Ilajanjarvi. 
Because of the coarse nature of the contact, it is unlikely that this massive unit represents a sill. Brunton compass diameter is 7 cm. 
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the pillow lavas shown in Figure 17e, in turn fol- 
lowed by sediments representing Lithic Unit 94. 

Discussion and interpretation 
No geochemical or isotopic data are yet available 

for the Ruukinpohja Formation and the reconnais- 
sance traverses carried out to date have probably 
revealed only a part of the information contained 
within these rocks. Furthermore, the region is sepa- 
rated from the rest of the Hattu schist belt by an area 
of very poor exposure so that it is not possible to 
directly assess its stratigraphical or structural rela- 
tionships. Despite these problems the Ruukinpohja 
Formation is significant in terms of correlation east- 
wards into Russian Karelia, but even more impor- 
tantly, may provide some indication of what kind of 
basement underlies the Hattu Supersequence. Alter- 
natively, it is conceivable that the mafic part of the 
Ruukinpohja Formation represents a thicker accu- 
mulation of volcanics that correlate temporally with 
any of the mafic intervals within the Hattu 
Supersequence. It is perhaps only through recogni- 
tion of distinct isotopic ages and compositions that 
this question may be resolved. 

Even if the mafic part of the Ruukinpohja Forma- 
tion were the depositional substrate to the Hattu 
Supersequence, it is still unclear whether it would 

have represented the uppermost part of an Archean 
ocean basin, or a thick intracontinental volcanic 
sequence. The former case would imply that the 
Hattu schist belt as a whole is allochthonous and was 
emplaced upon an older basement, in order to ac- 
count for the older crustal signature in some granitoids 
(O'Brien et al., 1993a, this volume; Sorjonen-Ward 
and Claoué-Long, 1993; Vaasjoki et al., 1993, this 
volume). A corollary of this would also be that 
sedimentation and felsic volcanism would be colli- 
sion-related, to explain the presence of older detritus 
(Vaasjoki et al., 1993, this volume). If both the Ilaja 
and Hattu Supersequences record intracratonic proc- 
esses, then these problems of sediment provenance 
and granitoid source materials would be obviated, 
but it would still be necessary to argue that intense 
deformation or anatexis has obliterated all evidence 
of an underlying continental crustal basement. 
Geochemical arguments might be used to discrimi- 
nate between these two possibilities but given the 
present scarcity of data and the degree of alteration 
and metamorphism already documented from mafic 
and ultramafic rocks, this may not be feasible. Pres- 
ently available data do however indicate an arc- 
related signature may be present in some Hattu 
Supersequence basalts at least (0 '  Brien et al., 1993a, 
this volume). 

Undifferentiated units 

There are a number of areas peripheral to the Hattu 
schist belt where exposure is either very poor, or 
where deformation, recrystallization and granitoid 
intrusion have virtually obliterated all primary 
depositional features and facies relationships, mak- 
ing lithostratigraphic correlation meaningless. One 
such area is to the east of the Pampalo Formation and 
Korpivaara Tonalite (Figs. 2, 6 and 8). Isolated 
exposures confirm the presence of mafic volcanics 
and associated well-bedded mafic schists, along with 
more pelitic sediments, but no coarse clastic deposits 
have yet been found. General structural interpreta- 
tions lead to the conclusion that these deposits may 
overlie the Pampalo Formation and so actually repre- 
sent the stratigraphically highest units in the schist 
belt. 

To the West of the Naarva Leucogranite (Figs. 2 
and 7) a discontinuous zone of sediments several 
kilometers wide is present and many outcrops retain 
evidence of primary lithological layering, although 
sedimentary structures are very rare. A characteristic 
feature of many of these deposits is a yellowish color 
on weathered surfaces and the abundance of random- 
ly oriented acicular amphibole porphyroblasts, which 

tend to be less common in other parts of the schist 
belt. Thin mafic, probably volcaniclastic intercala- 
tions are also present in places. Still further to the 
north and West it becomes increasingly difficult to 
distinguish between what might be massive and 
homogeneous felsic volcanics and fine-grained 
banded aplogranites, although the latter origin is 
more probable. 

Problematical successions in the southern part of 
the schist belt include the horizon of highly schistose 
amphibolites and mafic sediments and iron forma- 
tions (Lithic Unit 72) between the Raiskio Shear 
Zone and Silvevaara Granodiorite (Fig. 10). These 
coincide with a persistent, in places anastomosing 
magnetic anomaly that can be traced around the 
Silvevaara Granodiorite to its western margin (Fig. 
3). Beyond the northern boundary of the mapsheet 
area shown in Fig. 3 the anomaly is less prominent, 
partly because the magnetic data are of lower quality, 
but the horizon can nevertheless be extrapolated to 
coincide approximately with anomalies in the upper 
part of the Sivakkojoki Formation (Figs. 5 and 6). 
This interpretation is of considerable importance in 
interpreting isotopic data, since along the western 



margin of the SilvevaaraGranodiorite, at Vehkavaara, 
these mafic rocks have been intruded by porphyritic 
tonalite dikes that consistently yield ages up to 300 
Ma older than that obtained from Lithic Unit 6 of the 
Sivakkojoki Formation (Vaasjoki et al., 1993, this 
volume). 

The transected Kivisuo F, Antiform between the 
Raiskio and Kauravaara Shear Zones (Fig. 10) con- 
tains highly deformed and transposed mica schists 
(Lithic Unit 70) and some thin cherty, ferruginous 
and graphitic schist intercalations associated with 
magnetic and IP anomalies (Lithic Unit 7 1); it seems 
probable that these correlate with the Korvilansuo 
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Formation. Sediments between the Kelokorpi and 
Tsurkkila Shear Zones east of the Kuittila Tonalite 
(Lithic Units 74-79) are more likely to have original- 
ly overlain the Korvilansuo Formation, and when 
extrapolated northwards, where they are well ex- 
posed, they appear to underlie the Lithic Unit 24 of 
the Tiittalanvaara Formation. Lithic Unit 78 in par- 
ticular is well exposed on either side of the main 
Ilomantsi-Hattuvaara road and consists generally of 
thin-bedded and fine-grained turbidites. This clearly 
suggests a more distal environment with a progres- 
sive upwards transition to the coarser deposits char- 
acteristic of the Tiittalanvaara Formation. 

Age and provenance of detritus in Hattu schist belt sediments. 

Isotopic studies of Hattu schist belt sediments 
have been reported and discussed by Vaasjoki et al. 
(1993, this volume). Three of the samples analyzed 
show evidence for an older provenance, at least on 
the basis of their zircon populations and assuming 
that the above constraints on depositional age are 
robust. Of these, a fine-grained schistose graywacke 
from the Tiittalanvaara Formation at Hattuvaara, has 
yielded a relatively precise age of 2761I11 Ma, and 
therefore probably consists predominantly of con- 
temporaneous volcanogenic detritus derived from 
the Hattu schist belt sequence itself; this conclusion 
is also consistent with the distinct angular prismatic 
morphology of zircon in this sample. 

The presence of markedly older detritus in a feld- 
spathic arenite from Lithic Unit 7 of the Sivakkojoki 
Formation at Poikopaa is more obvious, irrespective 
of whether the rock represents a pyroclastic or re- 
worked rnixed-provenance epiclastic deposit. More- 
over, the true depositional age of this deposit is well 
constrained by the precise age of 2754+6 Ma ob- 
tained from the immediately underlying andesitic 
rocks. However, the heterogeneity apparent in the 
data means that the results give no more than a broad 
indication of the average age of zircons in the sample, 
though even this is statistically in excess of their 
depositional age at a 2 0  confidence level. The results 
for a conglomerate sample from the Korvilansuo 
Formation at Korentovaara are of more interest, 
being from individual clasts, and hence provide a 
more direct, rather than averaged provenance age. 
However, the discordant nature of the results detracts 
from their usefulness. The age range obtained is 
nevertheless consistent with Sm-Nd model ages for 
sediments from the Ilomantsi region, which show a 
rather wide range of EN, values, suggesting a mixture 
of penecontemporaneous detritus with material up 
to, but not greatly in excess of 3.0 Ga in age (Huhma, 
1987; O'Brien et al., 1993, this volume). 

Correlation of lithologic units between the north- 
ern and southern parts of the Hattu schist belt is not 
straightforward, because of poor exposure, substan- 
tial differences in the rock type and structural com- 
plexity. Nevertheless it appears likely that the 
turbidite- and metapelite-dominated Korvilansuo 
Formation around Korentovaara is relatively low in 
the overall stratigraphical sequence and could con- 
ceivably represent distal time-equivalent deposits 
correlating with the coarser clastic and volcanogenic 
units of the Sivakkojoki Formation. If this is correct, 
then it would imply that both the Korentovaara and 
Poikopaa sediments contain a significant component 
of material representing an older basement prove- 
nance, whereas the samples from the Tiittalanvaara 
Formation record a predominantly penecontem- 
poraneous detrital input. This would be in accord 
with the earliest sediments exposed in the Hattu 
schist belt reflecting magmatism adjacent to a conti- 
nental margin, with older basement being progres- 
sively buried or removed by large-scale tectonic 
dislocations; younger sediments would accordingly 
record the limited reworking of juvenile material. 
The evidence from xenocrystic zircon within the 
Silvevaara Granodiorite (Sorjonen- Ward and Claoué- 
Long, 1993,), which is apparently one of the earliest, 
as well as largest intrusions within the Hattu schist 
belt also supports an active continental margin sce- 
nario, rather than the progressive exposure and ero- 
sion of older basement in a passive margin setting. 
The phenomenon of nearly coeval sedimentation, 
volcanism and plutonism is not unusual and has been 
well documented on the basis of isotopic studies in 
the Tampere schist belt, within the early Proterozoic 
Svecofennian Orogen of southwest Finland (Kouvo 
and Tilton, 1966; Huhma, 1986; Patchett and Kouvo, 
1986; Kähkönen et al., 1989). That region neverthe- 
less differs from the Hattu schist belt in that no 
evidence has been found for derivation of granitoids 
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from older crustal material. This suggests that the 
presence of older detrital zircons, such as in 
Svecofennian sediments reflects the collision of ju- 
venile arcs with a passive-margin basement terrane, 
rather than a continental margin arc setting (Huhma 
et al., 1991 ; Ward, 1987). 

Very little information has been obtained from 
petrography and geochemistry concerning composi- 
tions of possible provenance areas. O'Brien et al. 
(1993a, this volume) concluded that sediment com- 
positions reflect the rnixing of felsic to intermediate 
with mafic lithologies, which is consistent with re- 
working of locally derived volcanic and pyroclastic 
material. This is also in agreement with observations 
of clast lithology in conglomerates but in itself does 
not indicate what proportion of detritus may be 
derived from an older cratonic basement. 

Two sarnples analyzed from the Hattu schist belt 
have given relatively precise depositional ages 
(Vaasjoki et al., 1993, this volume), the first being 
275446 Ma from a plagioclase andesite within Lithic 
Unit 6 of the Sivakkojoki Formation (Fig. 14a, b), 
which is close to the presently exposed basal part of 
the Hattu Supersequence. The other date, of 2744I9 
Ma, was obtained from sediments correlated with the 
Tiittalanvaara Formation at Vetunmökinkangas (x = 
6976, y = 4564 in Fig. 9), on the east-younging fold 
limb shared between the Pihlajavaara Anticline and 
the Ignola F, Synform. The sample analyzed repre- 
sents a matrix-supported lithic arenite or subarkose 
horizon within the middle portion of an upwards 

coarsening sequence several hundred meters thick 
that commences with micaceous pelites and culmi- 
nates in arkoses and polymictic conglomerates. It it 
is likely that these sediments represent epiclastic 
deposits derived from contemporaneous felsic vol- 
canic activity. 

No isotopic data are available for the Pampalo 
Formation, which is considered to be the youngest 
stratigraphic unit recognized in the Hattu schist belt. 
However, the evidence presented earlier for a con- 
formable transition between the Tiittalanvaara and 
Pampalo Formations, combined with the above age 
determinations from the Sivakkojoki and Tiit- 
talanvaara Formations, effectively means that the 
available isotopic data cannot be used to discriminate 
separate internal events within the Hattu schist belt 
sequence. Taken together, the two most reliable 
dates nevertheless indicate that the main part of the 
sediments and volcanogenic rocks in the Hattu schist 
belt were deposited slightly over 2750 Ma ago. Age 
determinations from granitoids should in principle 
constrain minimum depositional ages. However, even 
though relatively precise dates have been obtained 
for the earliest plutons intruding the Hattu schist belt, 
such as 2757I4 Ma for the Silvevaara Granodiorite 
(Sorjonen-Ward and Claoué-Long 1993) and 2748I6 
Ma for the Tasanvaara Tonalite (Vaasjoki et al., 
1993, this volume), it is clear that at a 2 0  confidence 
level, these are statistically indistinguishable from 
depositional ages. 

INTRUSIVE UNITS  W I T H I N  AND SURROUNDING 
T H E  HATTU S C H I S T  B E L T  

Granitoids intruding the Hattu schist belt can be 
classified independently of geochemistry, using a 
combination of mineralogy, texture, geophysical sig- 
natures and isotopic age data. No evidence has been 
found to indicate that any of the presently studied 
granitoids predate deformation of the Hattu schist 
belt sediments, nor has it been possible to establish 
relative intrusive relationships, because granitoids 
form discrete plutons in contact with schist belt rocks 
rather than each other. Comprehensive geochemical 

data are only available for the Kuittila Tonalite and 
associated porphyritic dikes, along with additional 
data from the Tasanvaara Tonalite and Viluvaara 
Granodiorite; these results are presented and evalu- 
ated elsewhere in this volume by O'Brien et al. 
(1993a). Geochemical comparisons between pristine 
granitoids and their hydrothermally altered deriva- 
tives, particularly those hosting gold rnineralization 
in the Kuittila Tonalite, have been undertaken by 
Bornhorst and Rasilainen (1993, this volume). 

Silvevaara Granodiorite (Sig) 

Distribution, age and intrusive relationships rhomboidal in shape with major and minor axes 
measuring about 30 km and 15 km respectively (Fig. 

The Silvevaara Granodiorite is the largest pluton 2). It characteristically has a strong magnetic signa- 
intruding the Hattu schist belt, being almost ture, in contrast with most other granitoids in the 



region, probably due to the presence of magnetite 
(Fig. 3). However, the magnetic intensity of the 
eastern and northern margins of the pluton is more 
subdued, so that the almost tangential contact with 
the Tasanvaara Tonalite cannot be defined on the 
basis of geophysical anomalies. This is unfortunate 
since the area is poorly exposed but would otherwise 
afford one of the few opportunities of observing 
mutual intrusive relations and thus of independently 
assessing the validity of isotopic data which suggest 
that the Tasanvaara Tonalite may be marginally 
younger than the Silvevaara Granodiorite (Vaasjoki 
et al., 1993, this volume). Ion-probe single-grain 
zircon studies (Sorjonen-Ward and Claoué-Long, 
1993) indicate the presence of xenocrystic zircons up 
to 3.19 Ga, although most define a chord intercepting 
the concordia at 2757f4 Ma, which is interpreted as 
the age of emplacement of the pluton. The results of 
Sm-Nd model age determinations also suggest deri- 
vation from evolved crust older than 2.75 Ga, but not 
substantially in excess of 3.0 Ga (O'Brien et al., 
1993a, this volume). 

A prominent magnetic anomaly, associated with 
mafic volcanics and iron formations, can be traced 
around much of the Silvevaara Granodiorite (Fig. 3), 
which is consistent with the pluton being a single 
homogeneous intrusion and may also indicate a rel- 
ative lack of physical interaction with and assimila- 
tion of wall rocks. This is perhaps reflected in the 
scarcity of enclaves, with that shown in Figure 18a 
being the only one of such size so far recorded. No 
geochemical data are available for the pluton as yet, 
so that it is not possible to evaluate the role of 
country-rock contamination of the magma. This ques- 
tion is nevertheless very relevant to interpretation of 
the significance of xenocrystic zircons in heteroge- 
neous zircon populations in general (Williams et al., 
1983; Miller et al., 1988) and in this case in particular 
(Sorjonen-Ward and Claoué-Long, 1993; Vaasjoki 
et al., 1993, this volume). 

The contact between granodiorite and country 
rocks has been observed in two places on the eastern 
margin, at Lehtovaara (close to the left-hand margin 
of Fig. 10, and x = 6966.5, y = 4557.5 in Fig. 3) and 
at Raiskio (due West of the Muurinsuo prospect in 
Fig. 10, and x = 6970, y = 4561 in Fig. 3). At 
Lehtovaara there does not seem to be any change in 
intensity of foliation or grain size as the contact is 
approached, but apophy ses of porphyritic granodiorite 
intruding and separating narrow septa and enclaves 
of country rock sediments are highly deformed, with 
well developed strain shadows. There is therefore no 
doubt that the Silvevaara Granodiorite intrudes the 
Hattu schist belt, although the precise timing of 
intrusion with respect to deformation and regional 
metamorphism has not been established. It can be 
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noted however, that relict lithological layering is still 
discernible in metasediments at the contact, indicat- 
ing that any thermal or deformational effects related 
to pluton emplacement were insufficient to totally 
obliterate and recrystallize primary features. 

At Raiskio the margin of the pluton includes a 
zone several hundred meters wide in which more 
felsic and foliated lithologies alternate with 
granodiorite; this may explain the relatively weak 
magnetic signature along the eastern margin of the 
pluton. Medium-grained leucocratic granite with a 
mylonitic fabric occurs adjacent to the contact with 
similarly highly strained mafic volcanic rocks, with 
some apophyses being present up to 100 m from the 
contact, again demonstrating the pluton is intrusive 
into, rather than basement underlying the Hattu schist 
belt. Another swarm of plagioclase porphyritic dikes 
intrude mafic volcanic rocks close to the western 
margin of the Silvevaara Granodiorite, although it is 
has not been established whether they and the 
granodioriie are genetically related. The origin and 
interpretation of these dikes has been contentious, 
because conventional zircon ages are also anoma- 
lously old, up to 3.0 Ga, and therefore in conflict with 
current geologic interpretations (Vaasjoki et al., 1993, 
this volume). The porphyry dikes range in width 
from 0.2-60 m and although they are broadly con- 
cordant and strongly deformed, contacts against the 
greenstones are sharp and occasionally chilled mar- 
gins and isolated inclusions of schistose greenstone 
are present. The dikes are composed of albite, K- 
feldspar, quartz, biotite and epidote, with accessory 
apatite, titanite and zircon; pyrite is the chief opaque 
phase. The degree of deformation varies considera- 
bly; randomly oriented euhedral plagioclase 
phenocrysts are commonly preserved even where the 
groundmass has undergone extensive ductile strain 
and recrystallization (Fig. 30e), so that many sam- 
ples can be classified as blastomylonitic. 

Petrography and microstructure 

The Silvevaara Granodiorite is also distinctive 
amongst the granitoids intruding the Hattu schist belt 
in that it comrnonly contains hornblende, and in a few 
places pyroxene, although biotite exhibiting 
pleochroism from dark brown to straw yellow is still 
the dominant mafic mineral. In hand specimen the 
rock typically has a medium-grained groundmass of 
quartz, plagioclase and aggregates of fine-grained 
mafic minerals interstitial to tabular and weakly 
oriented K-feldspar phenocrysts. 

Exposures near the margin of the pluton at 
Lehtovaara contain poikilitic K-feldspar phenocry sts 
up to 5 cm across, some with concentrically aligned 
zones of mica inclusions, which appear to be equally 
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Fig. 18. Granitoid lithologies. 
a. Rare exainple of enclave within otherwise homogeneous Silvevaara Granodiorite at Jokikangas. Pencil is 14 cm in length. 
b. Medium-grained plagioclase porphyry dike intruding mica schists adjacent to western margin of Kuittila Tonalite at Kivisuo. 
Fine-grained enclave is probably from an early crystallized phase of magma rather than of country-rock origin, given the presence 
of phenocrysts of plagioclase and particularly bluish quartz. Brunton compass diameter is 7 cm. 
c. Irregular lobate terinination of plagioclase phyric dike intruded concordantly along sedimentary layering at Palovaara. 
Disruption of adjacent bedding suggests that dike may have bcen intruded prior to tectonic deformation and relates to volcanic 
activity rather than granitoid intrusion. Brunton compass diameter is 7 cm. 
d. Typical packed porphyritic texture of hornblende-bearing Pampalonuuro Tonalite, with scatteredenclaves probably representing 
disruption of ultramafic and mafic Pampalo Formation country rocks, in some cases rimmed by tourmaline. Brunton compass 
diameter is 7 cm. 
e. Protomylonitic banded porphyritic granodiorite at Ukonvaara, intruded by dikes and veins of more cquigranular and leucocratic 



as common as elsewhere in the pluton. The rock here 
is fairly rich in biotite, which sometimes forms ag- 
gregates up to 1 cm across and quartz and plagioclase 
are medium-grained. Zircons from this locality proved 
to be very heterogeneous so that dating by conven- 
tional methods yielded very discordant results. As 
mentioned previously, a population of zircons in- 
cluding some of the largest and densest crystals from 
this sarnple (Geological Survey of Finland A284) 
have subsequently been dated by ion microprobe 
using the SHRIMP ion microprobe, yielding a geo- 
logically meaningful intrusive age, as well as evi- 
dence for significantly older component (Sorjonen- 
Ward and Claoué-Long, 1993). Similar heterogene- 
ity in zircon data was evident from conventional 
analysis of a sample from Silvevaara (Geological 
Survey of Finland A339), situated several kilometers 
from the northwestern margin of the pluton (x = 
6977, y = 4554 in Fig. 3), suggesting that inherited 
material may be widespread throughout the pluton. 

Whether or not the mafic minerals include restitic 
xenocrysts is difficult to assess because of the exten- 
sive post-magmatic recrystallization. Isolated 
subhedral crystals of hornblende do occur, but biotite 
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and hornblende often form aggregates of 
recry stallized grains, and quartz grain boundaries are 
commonly highly serrated, indicating grain-bounda- 
ry migration processes. Undulose extinction and 
subgrain formation are widespread, consistent with 
crystal plastic deformation processes either during 
cooling or subsequent superimposed deformation. 
Plagioclase grains also show evidence of subgrain 
forrnation at the margins of larger laths. The possibil- 
ity of at least part of this recrystallization being Early 
Proterozoic cannot be ignored, since the contacts 
between Proterozoic mafic dikes and granodiorite 
are sometimes mylonitized (Fig. 32c, d), and even 
show growth of hornblende porphyroblasts over 
mylonitic foliations (Fig. 32d). This is not surprising 
given the evidence for Proterozoic resetting of both 
stable and radiogenic isotope systems in the Hattu 
schist belt (Karhu et al., 1993, this volume; O'Brien 
et al., 1993a,b, this volume). However, the reticulate 
pattern of fracture systems and Proterozoic dikes 
transecting the magnetic image of the Silvevaara 
Granodiorite in Fig. 3 suggest more brittle and zonal 
deformation and reactivation during the Proterozoic, 
rather than pervasive grain scale recrystallization. 

Kuittila Tonalite (Kut) 

Distribution, age and intrusive relations 

The Kuittila Tonalite is a small (ca.12 km2) len- 
ticular pluton intruded into the southern part of the 
Hattu schist belt (Figs. 2 and 10). It is only exposed 
in several places, with the type locality, near the 
Kuittila farmstead being significant as the locality 
where gold was first discovered in the Hattu schist 
belt and, hence in the Archean of Finland as a whole 
(Salminen andHartikainen, 1986; Nurmi et al., 1993, 
this volume). As a result of subsequent exploration 
activity, more geochemical data are available for the 
Kuittila Tonalite than for any other intrusion in the 
region (Bornhorst et al., 1993, this volume; O'Brien 
et al., 1993a, this volume). The Kuittila Tonalite 
consists predominantly of medium-grained foliated 
biotite tonalite containing very few enclaves of any 

kind, and belongs to a group of lenticular intrusions 
that can be traced along the entire Hattu schist belt 
(Fig. 2). These all appear to have been intruded 
during active regional deformation in similar struc- 
tural settings and the Tasanvaara Tonalite, which is 
also lithologically very similar to the KuittilaTonalite, 
has a statistically indistinguishable, though some- 
what more precise U-Pb zircon isotopic age of 2748I6 
Ma, compared to 2745+11 Ma for the KuittilaTonalite 
(Vaasjoki et al., 1993, this volume). However, the 
two plutons are not as similar geochemically as 
might have been anticipated on the basis of field 
characteristics and petrography, except at more 
evolved compositions (O'Brien et al., 1993a, this 
volume). A very poorly defined Rb-Sr isochron of 
2789I290 Ma has been obtained using nine samples 
from the Kuittila Tonalite, while Nd-Sm model ages 

material. characteristic of the northern marginal zone of the Hattu schist belt. Brunton compass diametm is 7cm. 
f. Complex intrusive relationships typicai ofgranitoids at northern margin of Hattu schist belt. Hornblende-phyric metadiorite or 
mta-andesite (ml has been intruded by felsic vein (v) prior to disruption and agmatite formation by medium-grained leucotonalite 
(leu). Einer-grained granofels enclave; (g) have alsogen disnrpted by leuwtonali&~ hut relatiue age with respect to mafic enclaves 
cannot beestablished. Brunton compass diameter is 7 cm. 
g. Highly deformed and hydrothermally akered Kartitsa Granite at Hoskonjarvi, with augen-like texhire actually consisting of 
polycryatallme aggregates of dcrocline separated by muscovite-rich folration lithons. Apprmimately 0.5 x natural size. 
h, Typical banding ie Naarva Leucogranife at Mustankivenkangas, defimd by variations in grain-size and tourmaline abundance. 
Brunton compass diameter is 7 cm. 
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suggest that the magma was not derived from mate- 
rial containing a substantially older crustal compo- 
nent. 

The Kuittila Tonalite is a sheet-like body whose 
western margin dips at about 60" to west, below the 
schist belt. Similar westward dips are present in 
country rocks at the northeastern margin but further 
south these steepen to a vertical attitude near the 
margin of the tonalite. Information from drill core, 
outcrop and detailed geophysics shows that in con- 
trast to the eastern and northern parts of the pluton, 
the southwestern margin comprises alternating 
tonalitic dikes and septa of country rock (Fig. 10). 
This suggests that these acted as feeder channels for 
magma, or that the pluton as a whole represents the 
coalescence of dikes emplaced successively during 
progressive deformation; the latter possibility needs 
nevertheless to be assessed against the homogeneous 
nature of the tonalite at outcrop scale. The contact 
changes from a northerly to northeasterly trend at 
Kivisuo (Fig. 10), where it has been exposed by 
excavations, and is illustrated in detail in Figs. 23b- 
d and 28b. The narrow tonalitic apophyse from the 
tonalite emanating into an almost concordant atti- 
tude with respect to the foliation in the metasediments 
(Figs. 23d and 28b) is clear evidence for the intrusive 
nature of the contact. Fractures and brittle-ductile 
shear zones that deform the tonalite but terminate or 
refract at the contact conversely indicate continued 
solid-state deformation of the pluton after its final 
emplacement. Some constraint on the amount of 
such post-emplacement strain is given by the re- 
markably similar geometrical orientation of scheelite- 
and molybdenite-bearing quartz veins at Kivisuo 
(Figs. 28 b,c) and several kilometers away at the 
Kuittila prospect (Figs. 10 and 29); these veins pre- 
date the development of the main biotite foliation in 
the tonalite. 

A profile drilled across the Kuittila Tonalite re- 
vealed a more leucocratic and even-grained 
granodioritic to trondhjemitic phase in the central 
part of the pluton. The geochemistry of this phase 
closely resembles that of the Tasanvaara Tonalite 
more closely than do the tonalitic parts of the pluton 
(O'Brien et al., 1993a, this volume), although it is 
uncertain whether it represents a separate intrusive 
pulse or progressive zoning by fractional crystalliza- 
tion. The western margin of the pluton is also charac- 
terized by abundant porphyritic tonalite dikes con- 
taining phenocrysts of quartz and oscillatory zoned 
plagioclase. The dikes range in thickness from tens 
of centimeters to tens of meters and the largest can be 
traced for distances of several kilometers (Fig. 10). 
Mutual intrusive relations between the dikes and 
tonalite have not yet been established, in spite of their 
close proximity to each other. One such dike, near the 

margin of the pluton at Kivisuo (Geological Survey 
of Finland A1095; Figs 10,18b and 28a) has a U-Pb 
zircon age of 2756+6 Ma which, at a 2 0  confidence 
level, overlaps with the age of the tonalite (Vaasjoki 
et al., 1993, this volume). This is consistent with a 
common parent magma, since they are geochemically 
very similar, except for the presence of Eu depletion 
in the tonalite, which is attributed to partial loss of 
plagioclase prior to or early during crystallization; 
conversely the porphyry dikes may better approxi- 
mate initial magma compositions, unmodified by 
subsequent fractionation (O'Brien et al., 1993a, this 
volume). 

Petrography and microstructure 

The Kuittila Tonalite is typically medium-grained 
and equigranular, though foliated, with randomly 
oriented subhedral plagioclase grains and oriented 
aggregates of fine-grained biotite that often shows 
dark brown to olive green or greenish to pale yellow 
pleochroism. Hornblende is absent and K-feldspar is 
uncommon. The tonalite has been affected by 
hydrothermal alteration processes in certain zones 
associated with gold mineralization. This is particu- 
larly evident in changes to rock geochemistry over a 
distance of hundreds of meters around the Kuittila 
gold prospect (Fig. 10), with distinct enrichments in 
Mo, W, CO,, Cu, S, Rb, K, Si and loss on ignition and 
conversely, depletion in Na and Sr compared with 
unmineralized parts of the pluton (Bornhorst and 
Rasilainen, 1993, this volume). Where this alteration 
has been most intense it has typically resulted in the 
partial or total destruction of primary plagioclase and 
biotite, and replacement by an assemblage consisting 
predominantly of quartz, sericite and calcite (Figs. 
30c,d and 31a,b). Alteration of the tonalite is not 
necessarily associated with increasing strain intensi- 
ty - in some places the rock is only weakly foliated, 
with sausseritic but undeformed plagioclase grains 
in a recrystallized predominantly quartz-biotite-cal- 
cite groundmass (Fig. 30a). However, even where 
the rock appears little deformed in hand specimen, 
microscopic studies usually reveal that quartz and 
biotite have dynamically recrystallized to mosaics of 
subgrains, often themselves strained, while 
plagioclase exhibits both brittle and crystal-plastic 
deformation. Protomylonitic to mylonitic fabrics are 
also common in areas that have not been subjected to 
hydrothermal alteration (Fig. 30b). However, as men- 
tioned above, the rather consistent orientations of 
early but deformed quartz vein arrays throughout the 
prospect indicate relatively weak bulk deformation, 
or else brittle to ductile displacement along discrete 
narrow zones (Fig. 23c, d). 

The tonalitic porphyry dikes show highly variable 



plagioclase phenocryst abundances, ranging from 
sparse to densely packed (Fig. 18b). It is not unusual 
to find enclaves of finer-grained rock that contain 
only scattered phenocrysts, and these may have been 
derived from disruption of earlier crystallized parts 
of the magma rather than country-rock sediments. 
Some dikes contain both plagioclase and vitreous 
bluish quartz phenocrysts. Depending on the relative 
abundances of these phenocrysts and matrix, the 
dikes exhibit varying responses to deformation. Iso- 
lated quartz phenocrysts commonly record dynamic 
recrystallization into oriented aggregates of subgrains 
(Fig. 30g) and exhibit serrated contacts indicative of 
grain boundary migration (Fig. 30h). Plagioclase 
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may retain euhedral shape and oscillatory zoning but 
in many cases there appears to be a progressive 
development beginning with patchy sausserite for- 
mation and culminating in complete replacement by 
quartz-biotite-zoisite aggregates. These transforma- 
tions have evidently promoted deformation so that 
former plagioclase phenocrysts are often recogniza- 
ble only as attenuated, completely recrystallized len- 
ticular aggregates of quartz, biotite and zoisite that 
then to be finer-grained than the enclosing matrix. 
Alternatively, where plagioclase is chemically sta- 
ble, recrystallization at the margins of phenocrysts 
has sometimes taken place (Fig. 300. 

Tasanvaara Tonalite (Tat) 

Distribution, age and intrusive relations 

The Tasanvaara Tonalite closely resembles the 
Kuittila Tonalite in age, overall appearance and chem- 
istry, andits structural setting is also analogous (Fig. 
2). It has also yielded a U-Pb age of 2748+6 Ma, 
which is statistically indistinguishable from that of 
the Kuittila Tonalite (Geological Survey of Finland 
A1094; Vaasjoki et al., 1993, this volume). The 
Tasanvaara Tonalite has intruded along the eastern 
limb of the Pihlajavaara Anticline (Fig. 6) and due to 
its weak magnetic signature compared to adjacent 
metasediments, the approximate boundaries of the 
pluton are clearly visible in the aeromagnetic image 
in Fig. 5. The Tasanvaara Tonalite therefore post- 
dates the earliest deformation in the region, although 
the limbs of the Pihlajavaara Anticline might have 
become steeper during and after tonalite emplace- 
ment (Fig. 2). Mylonite formation at the contact 
between tonalite and country rock at Tasanvaara (x = 
6983.5, y =4563.6 in Fig. 9), withrelatively unstrained 
enclaves of country rock lithologies in the tonalite, 
also provides evidence that deformation outlasted 
tonalite emplacement. 

The southwestern margin is inferred to be in tan- 
gential contact with the Silvevaara Granodiorite but 
this has not been confirmed in outcrop, due to lack of 
exposures, while isotopic data are not sufficiently 
precise to resolve real age differences, even though 

the SHRIMP age detennination obtained for the 
Silvevaara Granodiorite was 2757+4 Ma with a 2 0  
confidence limit on the error. The eastern margin of 
the pluton effectively consists of several tonalitic 
dikes up to 200 m in width, separated by septa of 
country rock in which primary lithological featnres 
are still discernible. This suggests a similar mecha- 
nism of emplacement to the Kuittila Tonalite, as 
coalescing sheets of magma intruded during active 
deformation. 

Petrography and microstructure 

In contrast to the Kuittila Tonalite, porphyritic 
variants are not common, nor is there evidence for 
zoning or separate intrusive phases. However, like 
the Kuittila Tonalite, enclaves are uncommon, ex- 
cept for those of country rock derivation near the 
margins of the pluton, and biotite is the only mafic 
mineral, with no hornblende having been identified. 
The tonalite is typically medium-grained and foliat- 
ed (Fig. 31g) and the matrix is generally strongly 
recrystallized, even where the rock appears to retain 
a primary igneous texture in hand specimen. Multi- 
ple laminated veins of tourmaline and quartz veins 
and aplite dikes (Fig. 3 1g) are deformed and faulted, 
but not folded, suggesting post-emplacement defor- 
mation was zonal ratbr  than pervasive. 

Korpivaara Tonalite (Kot) 

The Korpivaara Tonalite is a smaller pluton than Tonalites, being a medium-grained and relatively 
the Tasanvaara Tonalite and is situated several inclusion-free foliated biotite tonalite. In several 
kilometers further north, on the northeast side of the places a somewhat packed porphyritic texture has 
Pampalo Shear Zone (Figs. 2,6 and 7). Lithologically been observed, with plagioclase phenocrysts never- 
it is very similar to the Kuittila and Tasanvaara theless being considerably less than a centimeter in 
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Fig. 19. Outcrop structural features in Pampalo Structural Domain. 
a. Local isoclinal F, fold within brecciated and mylonitized lithglogy inferred to have been syntectonic felsic dike intruded within 
hanging wall of Pampalo Shear Zone at Pampalonuuro. Approximately 0.5 x natural size. 
b. Further view of lithology in previous photograph, showing intrafolial nature of fold and relationship to talc-tremolite lithology 
presumably representing enclave derived from the adjacent Pampalo Formation. Brunton compass diameter is 7 cm. 
c. Flattened and subsequently buckled clasts of felsic to intermediate composition within more mafic matrix in outcrop structurally 
immediately beneath contact of Pampalonuuro Granodiorite illustrated in Fig. 18d. Brunton compass diameter is 7 cm. 
d. Local F, crenulations deforming hornblende-plagioclase mylonite fabric developed in Pampalo Formation gabbro in hanging 
wall of Pampalo Shear Zone at Pampalonuuro. Note also tourmaline porphyroblasts (tour) overgrowing crenulations. Field of view- 
is approximately 7.5 mm in width. 19e. Plagioclase-phyric tonalitic porphyry dike traversed by rusty weathered pyrite-bearing 
brittle-ductile shear zone from which visible gold in the Pampalo Structural Domain was first found. Brunton coinpass diameter 
is 7 cm. 
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size. Some distinctive breccias, with matrix and western margin of the pluton at the Korpilampi 
fragments having the same tonalitic lithology. Coarse- prospect (x = 6992, y = 4562 in Figs. 6 and 8). No 
grained auriferous pegmatitic dikes deformed around geochemical or isotopic data are yet available for the 
F, folds are present (Fig. 19h), very close to the pluton. 

Pampalonuuro Tonalite (Pat) 

This could be regarded as a porphyritic variety of 
the Korpivaara Tonalite, developed along the south- 
western margin of the pluton between the small lake 
Korpilampi (x = 6992, y = 4562 in Fig. 6) and the 
northern end of the Juttuhuuhta Duplex, at Pampalo 
(x = 6988, y = 4564in Fig. 6). The Parnpalonuuro 
Tonalite could more appropriately described as a 
swarm of anastomosing and bifurcating fine-grained 
porphyritic tonalite dikes that attain thicknesses of 
up to 250 m. Where not strongly deformed the rock 
is dominated by angular euhedral and typically oscil- 
latory zoned plagioclase phenocrysts up to about 8 
mm in size, with a very fine-grained interstitial 
groundmass (Fig. 18d) in which quartz and horn- 
blende are most conspicuous. The presence of the 
latter rnineral, even though it is not ubiquitous, is 
considered sufficient justification for regarding the 
Pampalonuuro Tonalite as distinct from the 
Korpivaara Tonalite. A further distinctive feature is 
the relative abundance of small angular to elongate 
enclaves very rich in biotite (Fig. 18d), that may 
represent accidental xenoliths derived from the 
Pampalo Formation. These enclaves are comrnonly 
mantled by tourmaline-rich reaction selvedges. 

Many dikes have been strongly deformed and in 
some instances it is not possible to be absolutely 
certain that the protoliths to felsic mylonitic rocks 
were in fact dikes of Pampalonuuro Tonalite at all 
(Fig. 19a, b) and not feldspathic pyroclastic deposits, 
or at least pretectonic dikes feeding such deposits 
(Fig. 18c). The variation in degree of deformation 
amongst dikes can be attributed to different timing 

with respect to regional deformation, or intrusion 
within active shear zones experiencing different strain 
rates and magnitudes. This implies a close relation- 
ship between magma emplacement and deformation 
along the Pampalo Shear Zone and associated struc- 
tures (Fig.6). The relationship between gold mineral- 
ization at the Ward deposit and these dikes is also of 
interest, particularly since it was the finding of visi- 
ble gold in a brittle-ductile shear zone in one such 
dike (Fig. 19e, f), within a structurally anomalous 
setting that initially attracted attention to the gold 
potential of this region (Nurmi et al., 1993, this 
volume). 

Some dikes have been subjected to hydrothermal 
alteration associated with gold rnineralization, often 
while retaining relict igneous textures. A common 
observation, as yet unconfirmed by microprobe stud- 
ies, is an apparent transition from weakly strained 
plagioclase phenocrysts, showing minor lattice dis- 
tortions, to what is, evidently, microcline. Other- 
wise, calcite, biotite, typically grown along fractures 
and shear zones, and pyrite, commonly as isolated 
large porphyroblasts, are the most conspicuous min- 
erals found in altered dikes (Fig. 24g). This alteration 
provides in itself compelling evidence for minerali- 
zation post-dating dike emplacement. Therefore it 
seems that, as in many other Archean terrains (Perring 
et al., 1991), dikes may have indirectly influenced 
mineralization by virtue of mechanical-rheological, 
or even chemical contrasts, but are not necessarily 
genetically related to mineralizing processes. 

Viluvaara Granodiorite (Vig) 

The Viluvaara Granodiorite forms the eastern belt (Figs. 2 ,6 and 9) and is characteristically medi- 
boundary of the central segment of the Hattu schist um-grained, with tabular K-feldspar phenocrysts up 

f. Detail of gold-bearing NE-trending sinistral brittle-ductile deformation zone in altered tonalitic porphyry dike at Lietojanlampi 
(Pampalo). Darkcolor in mylonitic seams is due to crystallization and deformation of fine-grained biotite aggregates. Tip of Brunton 
compass (diameter 7 cm) visible at top center. 
g. Flattened prolate and subsequently buckled felsic clasts in conglomeratic intercalation within sedimentary sequence in hanging 
wall of Pampalo Shear Zone at Pampalonuuro. Compare dimensions of clasts in X-Z section with those in Y-Z section. Brunton 
compass diameter is 7 cm. 
h. Gently plunging F, fold (reflecting regional shallowing and reversal of plunge) in biotite granofels close to westem contact of 
Korpivaara Tonalite at Korpilampi. Gold-bearing pegmatite dikes are also folded, but with complex geometry since initial attitudes 
were widently at a high angle to lithological layering in metasediments. Pegmatite dike is about 30 cm across. 
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to 3-4 cm in size, except at the margin, where K- 
feldpsar phenocrysts are lacking and the rock resem- 
bles the Kuittila and Tasanvaara Tonalites. Like 
these intrusions, the Viluvaara Granodiorite lacks 
hornblende, with biotite being the mafic mineral, 
although in some exposures this too is scarce and the 
rock is rather leucocratic. Irregular fine-grained ag- 
gregates of zoisite and chlorite are also common in 
the southeastern parts of the pluton, where it is also 
possible that more mafic variants are present. 

No isotopic or comprehensive geochemical data 
are available for the pluton, although a poorly con- 
strained U-Pb zircon age of 2750f200 Ma has been 
derived for a narrow tonalitic dike intruded between 
metagraywackes and biotite-rich granofels near the 
granodiorite contact at the Ramepuro gold prospect 
(Geological Survey of Finland Sample A661; 
Vaasjoki et al., 1993, this volume). The dike is 
weakly porphyritic and is also mineralized (Pek- 
karinen, 1988) and altered in places, with abundant 
sericite and tourmaline. Tourmaline-quartz veins are 
also cornrnon and deformational fabrics indicate that 
the tonalite was intruded early during the structural 
history, but before the main development of S, foli- 
ation. 

Gold mineralization has not been found within the 
Viluvaara Granodiorite itself but at a number of 

places there is evidence that the contact between the 
pluton and adjacent sediments was the locus for 
deformation and fluid flow. Thus, from Pyllynvaara 
(x = 6985, y = 4566 in Figs. 6 and 9) through 
Hattuvaara (x = 6981.5, y = 4565 in Fig. 9) to 
Rämepuro (x = 6978, y = 4564.5 in Fig. 9) highly 
strained and altered rocks occur along the contact, 
which may therefore coincide with the northerly 
extension of the Tsurkkila Shear Zone. Indeed it is 
possible that emplacement of the Viluvaara 
Granodiorite was facilitated by movement along the 
Tsurkkila and Pampalo Shear Zones and may there- 
fore have been responsible for the formation of the 
Juttuhuuhta Duplex and transpressional tightening 
of the Ignola F, Synform and PyllynvaaraF, Antiform. 
At Koivukallio (x = 6982, y = 4565.5 in Fig. 9) 
alteration of a tonalitic marginal phase of the pluton 
to an assemblage consisting essentially of quartz, 
muscovite and microcline shows distinct structural 
control (Figs. 27 and 31f). A similar transition from 
unaltered tonalite to deformed and recrystallized 
quartz-muscovite-microcline assemblages exists be- 
tween Hattuvaara and Ramepuro (Fig. 3 1e) and be- 
tween Koivukallio and Pyllynvaara, at Koivusilta (x 
= 6983.5, y = 4566), where it is very difficult to 
distinguish altered and recrystallized protomylonites 
in sediments from those in tonalite (Fig. 24h). 

Pogosta Granodiorite (Pog) 

Distribution, age and intrusive relations Petrography and microstructure 

This is a rather large, but poorly defined intrusion 
since it is only well exposed around the township of 
Ilomantsi, which is locally known by the name 
Pogosta. The pluton has no obvious magnetic signa- 
ture, so that it is difficult to delineate its precise 
extent, but it appears to be an arcuate intrusion more 
than 200 km2 in area flanking the western margin of 
the Hattu schist belt, which it effectively defines for 
nearly 40 km southwards from Kuittila (Fig. 2). No 
intrusive relationships have been observed, nor are 
geochernical data available for the pluton and be- 
cause it is so poorly exposed it is therefore possible 
that it comprises several separate intrusions rather 
than a single body. However two mutually consistent 
and rather precise U-Pb zircon age determinations 
have been carried out, yielding ages of 2724+5 Ma 
and 2733+6 Ma for Geological Survey of Finland 
samples A5O-Ilomantsi and A299-Kasinjärvi respec- 
tively, indicating that the pluton is slightly younger 
than the Silvevaara Granodiorite and possibly the 
Kuittila and Tasanvaara Tonalites as well (Vaasjoki 
et al., 1993, this volume). 

The Pogosta Granodiorite at Ilomantsi is a moder- 
ately foliated but rather homogeneous medium- 
grained biotite granodiorite to quartz-monzodiorite 
and contains no visible enclaves, but is traversed by 
epidote veinlets that formed either during cooling of 
the rock or alternatively during early Proterozoic 
reheating. Hornblende has been observed in some 
thin sections and microcline porphyroblasts several 
centimeters across are occasionally present. Other 
lithological variants include gray leucocratic 
granodiorite consisting predorninantly of well-aligned 
euhedral plagioclase and potassium feldspar crystals 
usually less than 8 mm in size, polycrystalline quartz 
and biotite. Plagioclase is often altered to saussurite, 
sericite and epidote. Accessory minerals include 
titanite, which is relatively plentiful, chlorite, opaques 
and zircon. 
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Hoikan Kylkeinen Granodiorite (Hkg) 

This unit has not been mapped or examined in phenocrysts. Some fine-grained plagioclase porphy- 
detail since it is rather peripheral to the study area, ry dikes intrude ultramafic rocks and sediments near 
occurring to the northeast of the Viluvaara its western margin, rather reminiscent of the 
Granodiorite (Figs. 2 and 6) and resembling it Pampalonuuro Tonalite on the western margin of the 
lithologically, being a fairly leucocratic medium- Korpivaara Tonalite. 
grained biotite granodiorite with some K-feldspar 

Naarva Leucogranite (Nag) 

The Naarva Leucogranite is a tourmaline-rich 
two-mica granite forming a discrete elongate pluton 
several kilometers wide that can be traced for nearly 
20 km along the northwestern margin of the schist 
belt (Fig. 2). It varies from aplitic to pegmatitic, with 
tourmaline rosettes up to 20 cm across and common- 
ly displays lithological banding due to variations in 
both grain size and tourmaline abundance (Fig. 18h). 
Garnet is also sporadically present. In many places 
the layering is folded with a geometry similar to that 
in country-rock sediments, while enclaves record 
evidence of earlier deformation. Therefore, although 
no U-Pb isotopic data are available yet, the intrusion 
is clearly syntectonic. 

Similar leucocratic lithologies, though generally 
lacking tourmaline, are common throughout a north- 

erly to NNE-trending zone West of the Naarva 
Leucogranite and east of the Koitere Granodiorite 
(Fig. 2). Often these appear to consist of swarms of 
dikes of variable composition rather than homogene- 
ous plutons and in some cases it is difficult to ascer- 
tain whether they are truly plutonic rocks and not 
metamorphosed felsic volcanics. However, this prob- 
lem is not so intractable where enclaves of obvious 
country rock metasediments occur. Highly strained, 
protomylonitic to mylonitic banded fabrics are typi- 
cal, intrude by later generations of granite that are 
nevertheless deformed with a similar geometry, sug- 
gesting progressive magma emplacement during pro- 
longed deformation (Fig. 18e). Brecciation of earlier 
material, as well as ductile deformation features, is 
also evident (Fig. 180. 

Lukanvaara Leucogranite (Lug) 

The Lukanvaara Leucogranite is a medium- to 
coarse-grained felsic unit effectively defining the 
southeastern margin of the Hattu schist belt (Figs. 2 
and 1 1). The granite consists principally of rnicrocline, 
oligoclase and quartz with small amounts of biotite, 
muscovite and occasionally garnet and tourmaline. 
Accessory minerals include epidote, apatite, zircon 
and monazite. Zircon heterogeneity has precluded 
obtaining meaningful U-Pb emplacement ages but 
monazite has yielded a concordant upper intercept 
age of 2696 Ma, which has been interpreted as a 
postmagmatic, metamorphic cooling age (Vaas- 
joki et al., 1993, this volume). The Lukanvaara 
Leucogranite may represent the more felsic marginal 
phase to a larger tonalitic to quartz dioritic pluton, or 
else it is a totally separate intrusion. At Oinassalmi, 

south of the present study area, a concordant age of 
2744I3 Ma has been obtained from a sample of 
quartz diorite with a distinct textural alignment of 
plagioclase as well as biotite (Geological Survey of 
Finland A-1078). 

In outcrop the Lukanvaara Leucogranite is often 
intensely foliated, with well-developed S-C mylonites 
and in some places folded layering concordant with 
that in metasedimentary enclaves. Pegmatite 
apophyses appear to have been intruded and de- 
formed during progressive D, shear along the pluton 
margin. High-temperature dynamic recrystallization 
of rnicrostructures is indicated by polygonal grain 
boundaries in quartz-biotite-muscoviteIgarnet mo- 
saics. 

Kartitsa Granite (Kag) 

The Kartitsa Granite has only been examined (x = 7000, y = 4560 in Fig. 8) and the Rosvohotu 
along its western margin, where it is juxtaposed Shear Zone, which defines the western boundary of 
against the Hoskonlampi antiformal culmination the Hosko Structural Domain. In this area the origi- 
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nal nature of the protolith is difficult to establish due 
to extensive hydrothermal alteration and deforma- 
tion. This has often resulted in an augen-like texture 
(Figs. 18g and 3 lh), which on microscopic examina- 
tion proves to be due to anastomosing seams of fine- 
grained muscovite separating polycrystalline aggre- 
gates of fine-grained microcline (Fig. 24f). It is 
therefore uncertain if K-feldspar porphyroblasts were 

originally present, since in many places the rock 
appears to have a banded aplitic texture, and may 
thus instead record extensive potassium metasomat- 
ism. This is consistent with similar alteration in 
graywackes (Fig. 3 1 h) and pyroclastic lithologies 
(Fig. 24e) that are not elsewhere known to contain 
significant amounts of detrital microcline. No isotopic 
or chemical data are yet available for the pluton. 

Hakovaara Quartz diorite (Hqd) 

The Hakovaara Quartz diorite has not been studied and the Silvevaara Granodiorite, and effectively sepa- 
in any detail since it is rather peripheral to the present rating the Hattu schist belt from the Kovero schist 
study, but it is a poorly exposed hornblende-bearing belt to the southwest (Fig. 2). 
intrusion occurring between the Koitere Granodiorite 

Longonvaara Granite (Log) 

This intrusion has not been properly defined or cludes some very heterogeneous and variably de- 
examined, and is mentioned here only because of its formed intrusive lithologies whose mutual rela- 
position, defining the northern boundary of the Ilaja tionships have not been established. Com- 
Structural Domain (Fig. 1 2). The area between the positionally they range from felsic quartz porphyries 
Hoikan Kylkeinen Granodiorite, Viluvaara to banded diorites andrelict country-rockenclaves 
Granodiorite and Longonvaara Granite (Fig. 2) in- are commonly present. 

Koitere Granodiorite (Ktg) 

The Koitere Granodiorite is an extremely large 
and probably composite pluton covering more than 
2000 km2 northwest of the Hattu schist belt (Fig. 2). 
Some NE-trending zones of mafic and pelitic 
supracrustal rocks and rnigmatites are present within 
the pluton, but the predominant lithology observed in 
preliminary reconnaissance traverses is a porphyritic 
foliated monzonite or granodiorite, with poikilitic 
tabular K-feldspar phenocrysts np to 5-6 cm in size. 
Mafic minerals are usually aligned, so that the rock 
is strongly foliated, though K-feldspar phenocrysts 
are not sufficiently deformed as to produce an augen 
texture. Biotite is abundant, but the pluton is charac- 
terized by the presence of hornblende and in numer- 
ous places, clinopyroxene. The presence of the latter 
mineral, evidently in conjunction with magnetite, 
usually coincides with very intense magnetic anom- 
alies. The regional aeromagnetic images therefore 
show the pluton as dissected by fracture zones, of 

either late Archean or early Proterozoic age, separat- 
ing it into a mosaic of darker pyroxene-bearing 
domains and lighter zones where pyroxene has been 
replaced by hornblende, or in some cases, a mixture 
of biotite, chlorite and epidote. 

The groundmass of the granodiorite shows evi- 
dence of extensive recrystallization, with polygonal 
quartz and plagioclase subgrain boundaries. It would 
be of considerable interest to establish whether this 
relates to deformation during subsolidus cooling of 
the pluton, or relates to a younger thermal event, 
either during the late Archean or early Proterozoic. If 
it were early Proterozoic, it would imply that defor- 
mation and metamorphism were much more perva- 
sive than considered at present, even though reset- 
ting of stable isotope systems (O'Brien et al., 1993b, 
this volume) and K-Ar ages in biotite and even 
hornblende (Kontinen et al., 1992) is well document- 
ed. 

Uramo Diorite (Urd) 

This is a weakly foliated medium-grained rock interstitial hornblende and biotite. A distinctive 
consisting essentially of euhedral plagioclase and aeromagnetic signature indicates that it is separate 
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from but is enclosed within theKoitere Granodiorite, ment such as at the termination of a dilational shear 
and has a generally northeast trend (Fig. 2), except on zone. No chemical or isotopic data for the pluton are 
its western margin, where an arcuate concentric currently available. 
anomaly pattern may suggest incremental emplace- 

Emplacement ages of granitoids intruding the Hattu schist belt 

The following discussion is dealt with in more 
detail by Vaasjoki et al. (1993, this volume) and 
commences with the assumptions that zircon has 
crystallized from granitic magmas during their as- 
cent and emplacement, and that these events are 
effectively instantaneous with respect to analytical 
precision. The first of these assumptions may be 
violated if the magma inherits zircons from an older 
sonrce, which will be a function of age, composition 
and degree of partial melting and subsequent 
fractionation, all of which influence the stability of 
zircon in the magma (Harrison and Watson, 1983; 
Watson and Harrison, 1983; Dirks and Hand, 1991 ; 
Paterson et al., 1992; Williams, 1992). Where cool- 
ing has been relatively rapid, and there has been no 
subsequent metamorphic overprinting, as in the mid- 
dle Paleozoic Berriedale Batholith of southeastern 
Australia, it has been possible to assess this possibil- 
ity not only by single-grain dating, but also against 
other isotopic systems (Williams et al., 1983; 
Williams, 1992). Unfortunately it is not possible to 
carry out the same kind of comparative study in the 
Hattu schist belt since ambient metamorphic condi- 
tions were evidently higher, and there is abundant 
evidence for early Proterozoic resetting of Rb-Sr and 
K-Ar mineral ages, or even in some cases, crystalli- 
zation of new minerals under lower greenschist facies 
conditions (Kouvo and Tilton, 1966; Kontinen et al., 
1992; O'Brien et al., 1993a, this volume). 

The upper intercept ages for the most concordant 
samples from granitoids intruding the Hattu schist 
belt range between 272435 and 2733I6 Ma for the 
Pogosta Granodiorite and 2748rt6 Ma and 2747I10 
Ma respectively for the Tasanvaara and Kuittila 
Tonalites. If we accept that these dates relate to final 
plnton emplacement, then it is evident that granitoids 
were emplaced shortly after the deposition of the 
Hattu schist belt supracrustal sequences; the fact that 
the Kuittila and Tasanvaara Tonalites were intruded 
during or after the earliest stages of deformation 
recorded in the country rocks nevertheless precludes 
these intrusions from being subvolcanic equivalents 
of the felsic volcanism in the Hattu schist belt. The 
SHRIMP ion probe age of 2757I4 Ma for the 
Silvevaara Granodiorite (Sorjonen-Ward and Claoué- 
Long, 1993), further serves to emphasize that it is 
not possible to resolve any statistically significant 

time difference between the earliest sediments 
exposed in the Hattu schist belt and the earliest 
granitoids intruding them. Although the Silve- 
vaara Granodiorite is demonstrably intrusive into 
the Hattu schist belt, the contact is highly strained 
and consequently it has not been possible to assess 
whether the schist belt sediments were already de- 
formed and metamorphosed prior to granodiorite 
intrusion. 

Because no evidence has been found for 
unconformities and structural discordances within 
the schist belt, and because all plutonic contacts are 
either tectonic or intrusive, none of the presently 
exposed granitoids can have supplied detritus to the 
schist belt. Nevertheless, it is possible that some 
high-level intrusions may have been coeval with 
volcanism and were unroofed and eroded during 
deposition of the Hattu schist belt sediments. It is 
however very difficult to distinguish between clasts 
of plutonic and felsic volcanic origin when the 
groundmass of clasts has been strongly deformed 
and recrystallized (Vaasjoki et al., 1993, this vol- 
ume). For example the large elliptical clast in the 
central part of Figure 15g appears to be decidedly 
granitic, in contrast to the other more elongate clasts 
and those in Figs. 14h, 15a and 21g,h. 

Paterson and Tobisch (1992) have recently re- 
viewed the rates of processes in magmatic arcs, 
concluding that plutons having avolume in excess of 
300 km3 can form and crystallize within time inter- 
vals of the order of one million years or less, with the 
rate-determining factor usually being deformation 
style and strain rate in the country rocks. It is there- 
fore most unlikely that the emplacement time re- 
quired for the smaller plutons intruding the Hattu 
schist belt could have exceeded their quoted 2 ? age 
uncertainty estimates. However, it is possible that the 
age differences between the Pogosta Granodiorite 
(2724I5 Ma and 2 7 3 3 s  Ma) and the Silvevaara 
Granodiorite (2757k4 Ma) are statistically signifi- 
cant, suggesting that pluton emplacement took place 
over a period of several tens of millions of years 
(Vaasjoki et al., 1993, this volume). This conclusion 
has not been possible to verify in the field because 
granitoids intruding the Hattu schist belt occur as 
discrete plutons, so that mutual intmsive relation- 
ships can not be established. 
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Evidence for derivation of granitoids from older crustal material 

Several lines of evidence exist to suggest that older 
crustal material was involved in the generation of 
some of the granitoids that intrude the Hattu schist 
belt. Firstly SHRIMP ion probe studies have shown 
that the Silvevaara Granodiorite contains a some- 
what bimodal heterogeneous zircon population, with 
the older component being from 3.1-3.2 Ga (Sorjonen- 
Ward and Claoué-Long, 1993). On the basis of Lu-Hf 
studies, Patchett et al. (1981) argued that the Pogosta 
Granodiorite also shows evidence of partial deriva- 
tion from an older crustal source, even though the 
zircon data are rather concordant and the pluton is 
likely to be the youngest granitoid intruding the 
schist belt. 

More controversial is the interpretation of isotopic 
data from a swarm of porphyritic dikes intruding 
mafic lithologies close to the western margin of the 
Silvevaara Granodiorite at Vehkavaara (Vaasjoki et 
al., 1993, this volume). Several of these dikes have 
zircon populations that appear to be relatively homo- 
geneous, but still yield conventional U-Pb ages ap- 
proaching 3.0 Ga. If these older dates are taken as 
recording the true age of dike intrusion, certain 
inconsistencies with geological constraints arise. For 
instance no independent criteria exist to suggest that 
the mafic rocks at Vehkavaara are older than those of 
the Hattu schist belt. In fact, they are associated with 
a distinct aeromagnetic signature which enables them 
to be traced along the western margin of the Silvevaara 
Granodiorite (Figs. 2 and 3) to a stratigraphic level 
within the Sivakkojoki Formation, in which case 
they must clearly be younger than 2754I6 Ma. Sim- 

ilarly, the same mafic horizon can be recognized 
along the eastern margin of the Silvevaara 
Granodiorite (Lithic Unit 72 in Fig. 10), so that it 
clearly forms part of the Hattu schist belt. 

One way of resolving this dilemma is to propose 
that the mafic volcanics are underlain by a major 
detachment surface, requiring that these rocks were 
thrust for a distance of at least 30 km over the Hattu 
schist belt sequence prior to the emplacement of the 
Silvevaara Granodiorite. There is no evidence for 
such a major structural discordance within the 
Sivakkojoki Formation, although poor exposure 
makes such a hypothesis difficult to assess directly. 
However, further evidence against this thrusting 
hypothesis is that the EN, values of the dikes at 2750 
Ma are distinctly negative and their Sm-Nd T,, ages 
are of the order of 3100 Ma (OIBrien et al., 1993a, 
this volume). Therefore it seems reasonable to argue 
that the dikes were derived from melting of 3.1 Ga 
old Archean crust remobilized during a major 
tectonomagmatic event around 2750 Ma. 

In summary it may be concluded that mineral U- 
Pb data indicate the existence of crust up to 3.2 Ga in 
the Ilomantsi region, at least in reworked form in 
sediments and some granitoids. The Hattu schist belt 
proper, however, was formed about 2750 Ma ago and 
most of the material in the metasediments seems to be 
derived from almost penecontemporaneous, suggest- 
ing rapid crustal generation, probably in an arc- 
continent collision zone, or alternatively, within a 
continental margin arc setting. 

DEFORMATIONAL SEQUENCE, GEOMETRY AND 
DEVELOPMENT O F  STRUCTURAL DOMAINS 

For the purposes of structural analysis it is useful 
to subdivide the Hattu schist belt into a number of 
structural domains, each of which possess a distinc- 
tive geometry or suite of structures. The boundaries 
between such domains do not necessarily coincide 
with those between lithic units, but may do so, for 
example where structures have controlled granite 
emplacement, or where deformation is focused at the 
contact between mechanically weak and strong lithic 
units. The structural domains considered here also 
correspond to some extent with the Kuittila, 
Hattuvaara, Pampalo and Hosko gold anomaly zones 
defined and described by Nurmi et al. (1993, this 

volume). 
When defining these structural domains, potential 

problems lie in ascribing undue significance to bound- 
aries, or in identifying sharp linear discordances in 
preference to more gradual and transitional strain 
gradients. Thns some of the features classified here 
as shear zones at domain boundaries in poorly ex- 
posed areas may prove to be highly attenuated and 
disharmonic, but coherent fold limbs, rather than 
discrete zones of displacement. The more important 
of these zones will be described below, before con- 
sidering the geometry and possible kinematic evolu- 
tion of the various structural domains. 
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Shear zones within the Hattu schist belt 

Rosvohotu Shear Zone 

The Rosvohotu Shear Zone obliquely transects 
the Pihlajavaara Anticline before trending north- 
wards and eventually northeastwards near the Rus- 
sian border (Fig. 8). It is one of the few high-strain 
zones in the Hattu schist belt that has been confi- 
dently identified in the field as well as on the basis 
of truncated geophysical anomalies. The best ex- 
posed segment of the zone can be followed for 
more than akilometer in the vicinity of Pihlajavaara 
(x = 6994, y = 4560 in Fig. 8) and is marked by the 
juxtaposition of intensely sericitized felsic 
pyroclastic and sedimentary rocks (Fig. 24a-d) 
against unaltered thin-bedded sediments to the 
West. Throughout this region lineations plunge 
gently southwards, which is very unusual for the 
Hattu schist belt. No consistent asymmetry has 
been found however, andit is possible that the zone 
records a complex or composite deformational 
history of which the final stages may have involved 
non-coaxial extension rather than major strike-slip 
displacement. This at least could account for the 
intense differentiated S, crenulation cleavage (Fig. 
24a-d) and evident boudinage of pseudomorphed 
porphyroblasts (Fig. 24b, d). 

Relationships between cleavage formation and 
porphyroblast growth, replacement and deforma- 
tion imply that hydrothermal alteration predated 
final stages of deformation in the Rosvohotu Shear 
Zone, which is consistent with microstructural 
observations from the southern part of the Hattu 
schist belt. This also supports the correlation of 
deformation along the Rosvohotu Shear Zone with 
that along the Kelokorpi Shear Zone. Discrete 
displacement along the latter is taken to terminate 
at point K in Figure 5 (x = 6987, y = 4563.5 in Fig. 
6), within Lithic Unit 12, close to the boundary 
between the Sivakkojoki and Hosko Formations. 
In contrast, the Rosvohotu Shear Zone is interpret- 
ed as terminating at a higher stratigraphical level, 
within Lithic Unit 16 of the Hosko Formation (x = 
6992, y = 4561 in Figs. 6,7 and 8). Thus, although 
these two shear zones are not linked at the present 
erosion level, they may form segments of a larger 
oblique-slip system, with the backfolded anticlinal 
structure at the termination of the Kelokorpi Shear 
Zone representing accommodation to the stepwise 
transfer of strain obliquely upwards across the 
stratigraphy. A still more complex kinematic his- 
tory may be envisaged, involving rotation within 
and between these shear zones, in order to account 
for variations in mineral elongation lineations and 
the general coincidence b e t w m  such lineations 
and fold hinges. 

Kivipuro Shear Zone 

Deformation along this zone is closely associated 
with the Rosvohotu Shear Zone, since both splay out 
of the eastern limb of the Pihlajavaara Anticline near 
Pihlajavaara (x = 6992, y = 4561 in Fig. 8). However, 
whereas the Rosvohotu Shear Zone obliquely trun- 
cates the hinge of the anticline and then follows a 
northerly trend along the boundaries between the 
Hosko andKuljunki Structural Domains, the Kivipuro 
Shear Zone curves east of north and the truncation of 
geophysical anomalies within the Hosko Formation 
indicates that it cuts stratigraphically upwards, in the 
manner of a thrust fault (x = 6993-6995, y = 4560.5 
in Fig. 8). 

Further north the significance and kinematics of 
the zone are poorly understood, despite rather abun- 
dant exposures. Uncertainty exists in whether it is 
justified to correlate stratigraphical units across the 
zone, even where lithological similarities are con- 
vincing. It is therefore possible that representation of 
the Kivipuro Shear Zone as a continuous linear 
feature is not valid. For example, the oblique thrust- 
ing in the southern part of the zone could also be 
considered to have had a sinistral component of 
displacement along it, whereas at Pieni Kivijärvi (x 
= 6997, y =4561 in Fig. 8) highly strained exposures 
cornrnonly show a mixture of sinistral (Fig. 16a) and 
dextral (Fig. 16b,c) kinematic indicators. This im- 
plies either intense and disharmonic folding in prox- 
imity to the shear zone, or else heterogeneous com- 
pression across previously folded strata, resulting in 
apparent changes of kinematic sense. A locally com- 
plex strainhistory is present in the phyllonitic mylonite 
zone sketched in Figure 16 b, where dextral shear 
bands and asymmetric strain lozenges show 
reorientation of an early steep lineation into a shal- 
lower trend. 

Pampalo Shear System 

The Pampalo Shear System is currently of partic- 
ular interest as a result of its potential control on 
mesothermal gold mineralization (Nurmi et al., 1993, 
this volume). It is referred to here as a system of shear 
zones since it evidently comprises a number of com- 
posite and subsidiary shear zones and records a 
complex history of deformation. This is most appar- 
ent in the central part of the area, between 
Tiittalanvaara (x = 6984, y = 4565 in Fig. 6) and 
Pampalo (x = 6988, y = 4564in Fig. 6). Further south, 
within the Hattuvaara Structural Domain (Fig. 9), the 
Pampalo Shear System does indeed appear to con- 
verge into a single narrow zone that either propagat- 
ed out of or obliquely transected the nearly isoclinal 
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Fig. 20. Structural features in Kuljunki and Pampalo Structural Domains. 
a. Finely spa~ed depositiona1 laminae in Kuljunkt Formation metapelites at Aluslammit are almost orthogonal to S, diffe~entiated 
crenulation cleavage which in tum has been deformed into angular kink-like folds. Brunton compass diameter is 7 cm. 
b. Variation in spacing of differentiated S, crenulation cleavage domains results in apparent truncation and displacement and in 
places almost complete obliteration of primary depositional laminae in Kuljunki Formation metapelites at Aluslammit. Note in 
particular progressiveincrease in appar i t  dextral displacement across zoneof relatively closely spaced cleavage domains between 
A-A+ and Z-Z". Brunton compass diameter is 7 cm. 
c. Development of spaced S, cmnulation cleavage in axial plane of buckle folds that deform already flattened clasts in polymictic 
conglomerate horizon within Tiittalanvaara Formation at Kurvisenhuuhta. Approximately 0.3 x natural size. 
d.Evidence for folding and ductile deformation of already flattened clasts during F, foldmg of polymictic Tiittalanvaara Formation 
conglomerate at Tiittalanvaara Section nearly perpendicular to fold hinge. Approximately 0.3 x naturai size. 
e. Deformedclasts in Tiittalanvaara Fomation conglomerate at Tiittalanvaara, showing prolate form in lower part ofoutcrop below 
compass, subparallel to X-Z section of strain ellipsoid, contrasting with more equant clast shapes in upper part of outcrop, 
subparallel to Y-Z section. Brunton compass diameter is 7 cm. 
f. Fractunng and partial rotation of garnet porphyroblasts during foliation-parallel extension in chert-magnetite ironstone at 
transition between Tiittalanvaara and Pampalo Formations at Tiittalanvaara. Note strain-free polygonal mosaic of quartz crystals 
between garnet fragments. Field of view is approximately 7.5 mm in width. 
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Ignola F, Synform. This is illustrated near Tiittalan- 
vaara by the apparent trnncation of progressively 
higher units within the Tiittalanvaara and Pampalo 
Formations and an abrupt change in younging and 
cleavage sense, without any evidence for folding 
about a synformal hinge. The shear zone is consid- 
ered to continue at least as far as Vetunmökinkangas, 
some 7-8 km to the south (x = 6976, y = 4564 in Fig. 
9), where spectacular highly strained mylonitic con- 
glomerates are well exposed (Fig. 2 1 d-h). 

Between Tiittalanvaara and Pampalo the Pampalo 
Shear System shows a more northwesterly trend and 
a distinctive branching and converging pattern char- 
acteristic of duplexes in thrust systems (Boyer and 
Elliot, 1982) or strike-slip shear systems (Woodcock 
and Fischer, 1986). The Juttuhuuhta Contractional 
Duplex will be described in detail in a later section, 
but it is considered to comprise essentially three 
fault-bounded units that record imbrication of 
Pampalo Formation lithologies above a detachment 
at the top of the Tiittalanvaara Formation, formed 
during oblique sinistral shear along the eastern limb 
of the Pihlajavaara Anticline (Fig. 6). An appropriate 
sinistral shear sense in the footwall sequence beneath 
the floor thrust of the Juttuhuuhta Duplex is recorded 
within Tiittalanvaara Formation conglomerates, 
which show clasts that were evidently flattened prior 
to folding (Fig. 20 c-e) and by magnetitechert depos- 
its, which are intensely folded and show dynamic 
recrystallization of quartz within fractures in garnet 
porphyroblasts (Fig. 200. 

The Juttuhuuhta Duplex terminates at Pampalo 
(point P in Fig. 5 and x = 6988, y = 4564.5 in Fig. 6), 
where it also appears to have been deformed by back 
rotation and folding of strata above the Kelokorpi 
Shear Zone. This is of considerable significance in 
understanding the relative timing of displacement on 
these zones, as well as the timing and context of gold 
mineralization, particularly since the overall form of 
the Ward deposit as currently delineated is a tabular, 
axial planar orientation with respect to the this fold 
(Nurmi et al., 1993, this volume). Sinistral brittle- 
ductile shear zones with the same orientation (Fig. 
19e, f) also contain visible gold and indicate that 
sinistral shear continued within the toe of the 
Juttuhuuhta Duplex during the backfolding. 

It has not been possible to precisely define the 
geometry of the various elements of the Pampalo 
Shear System to the north of Pampalo but it is 
apparent that there is a close spatial association 
between high-strain zones and porphyritic dikes re- 
lated to the Pampalonuuro and Korpivaara Tonalites. 
An extreme example of this is shown in Fig. 19a 
and b, where a mylonitic foliation has developed in 
a felsic dike which has been isoclinally folded, and 
then refolded into characteristically Open asymmet- 
ric F, folds. Partitioning of deformation into discrete 
zones may be attributed mechanical competence 
contrasts between Pampalo Formation lithologies 
and tonalite; the latter might promote deformation if 
intruded into active shear zones, or retard it where 
magma had already solidified and cooled, particnlar- 
ly where it consists of a massive biotite-poor and 
plagioclase porphyritic lithology (Fig. 18d). 

One particularly prominent branch of the Pampalo 
Shear System is marked by the conspicuous straight 
valley Pampalonuuro (from x = 6988, y = 4565 to x 
= 6990, y = 4563.5 in Fig. 6). This zone dips at 50- 
60" with the Pampalonuuro Tonalite and mylonitic 
Pampalo Formation mafic rocks (Fig. 19c) in the 
footwall and the Korpivaara Tonalite and deformed 
conglomerates of uncertain affinity in the hanging- 
wall. (Fig. 19g). A range of fabrics from ductile to 
brittle are commonly observed in a single outcrop, 
which may result from episodic variations in strain 
rate or fluid pressure rather than a major change in 
crustal depth. For example the gabbroic mylonite in 
Figure 19d shows microfolds overgrown by tourma- 
line (and phlogopite) porphyroblasts whereas in out- 
crop folding is associated with small scale thrusts 
and displacements. 

The Pampalo Shear System is considered to con- 
tinue still further to the north, parallel to the margin 
of the Korpivaara Tonalite (Fig. 8) but due to poor 
exposure and a lack of geophysical data, its precise 
location and significance there remains speculative. 
Although the Pampalos Shears System records 
sinistral displacements and asymmetry over a total 
length of more than 30 km, this by no means implies 
that displacements of this magnitude are associated 
with it. No indications of its extent or attitude at depth 
are available but in the context of major trends and 

g. Garnet porphyroblasts at Enonsuo preserving fine larninations that have been obliterated during subsequent recrystallization of 
sunounding matrix. Note also microfolding and possible boudinage of matrix around garnet porphyroblasts, as well as idioblastic 
facets to garnet rim (indicated by arrow). Field of view is approximately 25 mm in width. 
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structures bounding the Hattu schist belt, within the 
Naarva and Naukulampi Structural Domains, it is 
possible to consider the Pampalo Shear System as an 
antithetic conjugate sinistral domain between two 
crustal scale N-NE trending dextral systems. A more 
irnmediate explanation may be found in the Pampalo 
Shear System accommodating deformation related 
to emplacement of the Viluvaara Granodiorite and 
Tasanvaara and Korpivaara Tonalites, although it is 
equally plausible to argue for a regional relationship 
between granitoid intrusion and large scale tectonic 
processes. 

Kelokorpi Shear Zone 

The Kelokorpi Shear Zone is presently regarded as 
one of the more extensive and significant features 
within the Hattu schist belt, enabling the relative 
timing of deformation between the northern and 
southern parts of the study area to be assessed. 
However, the zone is not well exposed, so that this 
interpretation is rather dependent upon geophysical 
data. In particular a prominent magnetic anomaly 
that can be traced along the eastern margin of the 
Kuittila Tonalite (Figs. 3 and 10) is regarded as a 
lithological unit parallel to the Kelokorpi Shear Zone, 
if not actually representing sulfide dissemination 
along the shear zone itself. The latter possibility is 
real since it appears that the anomaly trends slightly 
oblique to lithological layering in nearby outcrops. 
Drilling at the Kelokorpi gold prospect, near the 
southeastern margin of the KuittilaTonalite (Fig. 10) 
revealed that rnineralization is partly hosted by 
mylonitic mica schists, although it is not known 
whether such highly strained rocks are restricted to a 
narrow shear zone or are more regionally extensive 
(Nurmi et al., 1993, this volume). 

The Kelokorpi Shear Zone has been extrapolated 
northwards along the eastern margin of the Kuittila 
Tonalite and the eastern limb of the Muurinsuo F, 
Antiform (Figs. 9 and 10). There is no evidence that 
the accompanying magnetic anomaly is folded about 
this antiform, again suggesting that it reflects a 
transecting linear feature rather than a stratigraphic 
horizon. If this is so, then it should continue north- 
wards, along the western margin of a major concord- 
ant felsic dike m sill (from Palovaara, at x = 6974, y 
= 4564 to x = 6977, y = 4564 in Fig. 9). From there 
it is postulated to continue along the eastern margin 
of the Tasanvaara Tonalite, where it terminates adja- 
cent to the backfold structure referred to previonsly 
with respect to the Pampalo Shear System. Highly 
strained rocks are exposed along this segment of the 
shear zone, althongh it is likely that this is a pervasive 
phenomenon there, rather than being restricted to a 
single discrete zone. Likewise, the characteristically 

sinistral kinematic indicators probably relate to the 
cumulative effects of oblique heterogeneous 
compressive deformation across the whole of the 
schist belt between the Tasanvaara Tonalite and 
Viluvaara Granodiorite, rather than substantial 
displacements along individual zones. 

However, a kinematic interpretation of the termi- 
nation of the Kelokorpi Shear Zone is possible based 
on geophysical data and interpolation of outcrop 
structural relationships (Figs. 5 and 6). The triangu- 
lar zone shown by IP anomalies in the boxed area in 
Figure 5 is of particular interest in that several north- 
trending anomalies terminate against prominent 
northwest-trending anomalies that, because of their 
pronounced magnetic signature, can be traced out- 
side the boxed area and around the hinge of the 
Pihlajavaara Anticline. These anomalies correspond 
to Lithic Units 9 and 1 1 of the Sivakkojoki Formation 
and continue southwards along the eastern margin of 
the Tasanvaara Tonalite (Figs. 5 and 6), whereas the 
Lithic Units 12- 16 of the overlying Hosko Formation 
are progressively truncated as they converge south- 
wards to point K in Figure 5. The same conclusion 
may be drawn from outcrop structural observations, 
in that extrapolation of the Sivakkojoki Formation 
southwards towards Tiittalanvaara juxtaposes Lithic 
Unit 11 against Lithic Unit 16, indicating that most of 
the Hosko Formation, which is nearly 500 m thick 
several kilometers further north, is absent in this 
section. 

It is therefore possible to argue that the Kelokorpi 
Shear Zone terminates as an extensional releasing 
bend that has excised part of the Hosko Formation, in 
a manner analogous to that in which low-angle 
extensional faults place younger rocks over progres- 
sively older strata. This would be an effective mech- 
anism for accommodating the Tasanvaara Tonalite, 
although because the Kelokorpi Shear Zone is essen- 
tially parallel to the contact, this cannot be easily 
verified. One of the most significant implications of 
the geometrical configuration at the termination of 
the Kelokorpi Shear Zone is its evidently close rela- 
tionship with the backfold deforming the toe of the 
Juttuhuuhta Contractional Duplex (Fig. 6). This sug- 
gests that the development of the Juttuhuuhta Duplex 
predates the cessation of movement along the 
Kelokorpi Shear Zone and hence provides a basis for 
arguing that deformation in the northern and south- 
ern parts of the Hattu schist belt were broadly coeval. 
This in turn allows the possibility of examining 
microstructures in relation to metamorphic mineral 
assemblages, in order to assess possible variations in 
heat flow and metamorphic grade throughout the 
region, as weil as evaluating the relative timing of 
gold mineralization. 



Tsurkkila Shear Zone 

The existence of the Tsurkkila Shear Zone is also 
based primarily on truncation of geophysical anom- 
alies (Figs. 3 and 10). In addition however, it is taken 
to separate the Naukulampi Domain from the Kuittila 
and Hattuvaara Domains and to follow the western 
contact between the Hattu schist belt and the Viluvaara 
Granodiorite (from x = 6977, y = 4564.5 to x = 6965, 
y = 4566 in Fig. 9), which is characterized by a 
narrow highly strained zone of hydrothermal altera- 
tion (Figs. 24h, 27 and 31f). It may therefore have 
been active during the emplacement of that pluton 
and relative strain rate variations between the 
Tsurkkila Shear Zone, Pampalo Shear System and 
the Kelokorpi Shear Zone may have controlled the 
location and style of folding throughout the 
Hattuvaara Structural Domain (Fig. 9). 

The Rämepuro gold prospect, which is hosted by 
a highly sheared tonalitic dike (Ojala, 1988; 
Pekkarinen, 1988; Ojala et al., 1990; Nurmi et al., 
1993, this volume) lies along the proposed trace of 
the Tsurkkila Shear Zone several kilometers to the 
south of Hattuvaara and thus it is possible that the 
zone has exerted some control on both tonalite em- 
placement and gold mineralization. Kinematic indi- 
cators, including well developed S-C fabrics and the 
sense of dilation and buckling of mineralized quartz- 
tourmaline veins show a sinistral sense, consistent 
with that observed at the margin of the Viluvaara 
Granodiorite at Koivukallio (Fig. 27) and elsewhere 
to the north of Hattuvaara. This is of general interest 
in that it shows how kinematic sense of shear can 
remain constant despite a change in orientation of 
shear zone strike. 

Dne to the paucity of outcrops in the region south 
of Rämepuro, extrapolation of the Tsurkkila Shear 
Zone southwards is tentative, and is based largely 
upon structural observations indicating a change in 
cleavage-younging relations that cannot simply be 
satisfied by invoking F, folding. It is possible that 
another shear zone trends parallel to the margin of the 
Viluvaara Granodiorite since till geochemical anom- 
alies and the results of preliminary drilling indicate 
the presence of gold mineralization at Palosuo, adja- 
cent to the contact with the Viluvaara Granodiorite, 
about two kilometers to the south of Ramepuro 
(Nurmi et al., 1993, this volume). Very few lithic 
units in this area are geophysically responsive and 
even the contact between the schist belt andviluvaara 
Granodiorite is only discernible as a subdued IP 
anomaly. However, further south, along the south- 
eastern margin of the Kuittila Tonalite (Fig. 10), 
magnetic anomalies are rather more prominent. Hence 
the position of the Tsurkkila Shear Zone in this area 
(between x= 6966, y = 4564 and x = 6962, y = 4562.5 
in Fig. 1 1) is placed with greater confidence. 
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Raiskio, Kauravaara and Korvilansuo Shear 
Zones 

The existence of these three zones is also postulat- 
ed largely because of geometrical incompatibilities 
associated with folding in the Kuittila Structural 
Domain (Fig. 10), supplemented by observations of 
truncated geophysical anomalies. It is likely that the 
interpretation in Figure 10 is somewhat stylistic, 
since visual inspection of drill core from gold pros- 
pects in the Kuittila Zone shows highly strained 
rocks to be very widespread. In some cases what 
appear to be discrete shear zones may merely be the 
attenuated limbs of folds and elsewhere smaller 
shear zones may be associated with porphyritic 
tonalite dikes, which are relatively abundant in this 
area and are cornrnonly highly deformed (Fig. 30g, 
h). 

In spite of alteration and relatively high strain, 
primary depositional grading has been recognized in 
some graywacke units, both in outcrop and drill core, 
which has perrnitted a major antiform to be traced 
from Korvilansuo through Kivisuo (Fig. 10). No 
direct evidence has been found in either drill core or 
outcrop for substantial discrete displacements along 
discrete shear zones or faults. Nevertheless, the trun- 
cation of geophysical anomalies and outcrop infor- 
mation concerning yonnging directions and cleav- 
age geometry near the Korvilansuo prospects indi- 
cates the existence of some kind of high strain zone 
obliquely transecting the hinge of the Muurinsuo 
Antiform (Fig. 10). This being so, high strains cannot 
be entirely a result of attenuation on fold limbs; this 
feature has accordingly been termed the Korvilansno 
Shear Zone. 

The Korvilansuo Shear Zone is closely related to 
the development of the Muurinsuo Antiform and any 
displacement along it must progressively diminish 
northwards because Lithic Unit 64 (bright blue con- 
glomerate horizon in Fig. 10) is folded around the 
Muurinsuo Antiform without interruption. Caution 
is required in assessing evidence for a kinematic 
interpretation of the Korvilansuo Shear Zone be- 
cause many highly strained rocks show ambiguous 
or non-diagnostic shear sense and lineations tend to 
be steep, so that apparent sense of shear in outcrop 
perhaps only relates to a relatively minor part of the 
total deformation. Given the overall orientation of 
structures along the western margin of the Kuittila 
Tonalite a predominantly dextral shear sense would 
be anticipated and this is consistent with observa- 
tions of S, crenulation cleavage geometry with re- 
spect to lithological layering (Fig. 25d-h), as well as 
strain perturbations at the contact with the Kuittila 
Tonalite at Kivisuo (Figs. 23 b-d and 28b). Asym- 
metric strain perturbations around porphyroblasts 
are also well developed, as shown by garnets and 
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deformation of pyrrhotite in Figure 26e-h (note that 
apparent sinistral sense of shear in these figures is not 
necessarily meaningful since thin sections were cut 
from an anoriented offcut from drillcore!). An ex- 
ception to this is however shown inFigure 26d where 
inclusion trails in garnet are at a high angle to the 
predominant external foliation, which is more sug- 
gestive of inhomogeneous shortening than noncoaxial 
shear (Bell, 1981; Bell and Johnson, 1992; Hanmer 
and Passchier, 199 1). 

The Kauravaara Shear Zone (Fig. 10) effectively 
coincides with the boundary between hydrothermally 
altered chlorite-sericite schists of the Kuittila Anom- 
aly Zone (Nurmi et al., 1993, this volume) and 
unaltered metasediments; this alone suggests that it 
may have been significant in promoting or inhibiting 
fluid flow and hence significant for understanding 
the distribution of gold mineralization. The zone has 
been extrapolated northwards past the Kuittila 
Tonalite and is inferred to swing into a northerly 
trend and merge with the eastern margin of the 
Tasanvaara Tonalite near Marjovaara (x = 6978, y = 
4563 in Fig. 9). This interpretation allows the possi- 
bility that the Kauravaara Shear Zone was active 
during the emplacement of the Tasanvaara Tonalite 
and further implies that deformation in the Kuittila 
Structural Domain was coeval with that in the north- 
ern part of the schist belt. 

Within the Kuittila Structural Domain, between 
the Kuittila Tonalite and the Silvevaara Granodiorite, 

the Kauravaara Shear Zone may represent the atten- 
uated and sheared out synformal fold hinge between 
the Muurinsuo and Kivisuo Antiforms. Geophysical 
data strongly suggest that the shear zone has succes- 
sively truncated strata on the steeply reclined eastern 
limb of the Kivisuo F, Antiform, in accord with 
outcrop observations that clearly document changes 
in cleavage sense across the zone. A corollary of this 
interpretation is that the unaffiliated Lithic Units 70 
and 7 1 would correlate with the Korvilansuo Forma- 
tion. Alternatively , it may be that the Kivisuo Antiform 
is a structural repetition of the Muurinsuo Antiform, 
resulting from steep oblique, probably extensional 
displacement along the Kauravaara Shear Zone, which 
is inferred to dip at an angle of abont 60" towards the 
Silvevaara Granodiorite. 

The Raiskio Shear Zone is likewise required to 
account for the oblique truncation of the western 
limb of the Kivisuo F, Antiform adjacent to a prom- 
inent magnetic anomaly along the margin of the 
Silvevaara Granodiorite. This could be regarded 
merely as a highly strained intrusive contact, or a 
shear zone facilitating emplacement of the Silvevaara 
Granodiorite, except that the magnetic anomaly in 
question is caused by a mafic horizon that can be 
traced more or less continuously around the margin 
of the pluton (Fig. 3). The few exposures examined 
at Raiskio consist of highly deformed, almost mylon- 
itic chlorite schists and amphibolites, although else- 
where their original basaltic character is evident. 

Naarva Structural Domain - a major tectonic boundary zone along 
the western edge of the Hattu schist belt? 

The Naarva Structural Domain forms the western 
margin of the Hattu schist belt, between the Koitere 
Granodiorite and the Naarva Leucogranite, as far 
south as the Hakovaara Quartz diorite (Fig. 2). This 
area has not been mapped in great detail, since it is 
somewhat peripheral with respect to the mineralized 
part of the Hattu schist belt and also because primary 
depositional features are rather uncommon, making 
it more difficult to define major structural elements. 
The western part of the Naarva Domain is character- 
ized by narrow bodies of leucogranite alternating 
with metasediments that are best described as biotite- 
plagioclase-quartz granofels, while eastwards, and 
around the Naarva Leucogranite, recrystallization 
does not appear to have been as intense, even though 
the same metamorphic mineral assemblages are 
present. It is therefore unlikely that the leucogranitic 
materia1 represents in situ anatexis of Hattu schist 
belt sediments, at least at the present erosion level, 
nor have distinct pelitic assemblage isograds been 
identified. 

The presence of leucocratic granitic intrusions is 
considered to be characteristic of partial melting of 
pre-existing continental crust in convergence zones 
that have experienced substantial crustal thickening, 
such as the Himalayas (Le Fort et al., 1987, Inger and 
Harris, 1993). Based on timing and characteristics of 
granitic magmatism, Feng and Kerrich (1992a,b) 
have proposed that similar tectonic processes operat- 
ed within the Archean Abitibi and Pontiac 
subprovinces in Canada. This interpretation invokes 
a mosaic of separate tectonic terranes amalgamated 
by oblique, transpressive convergence, with putative 
terrane boundaries marked by high-strain shear zones 
that transect the whole Superior Province (Card 
1990). 

The Naarva Structural Domain could readily be 
interpreted in a similar manner, given the extensive 
distribution of felsic two-mica granites, such as the 
Naarva Leucogranite, and the evidence for both 
progressive syntectonic intrusion and relatively high 
strain in granitic units (Fig. 18 e, g, h). The Naarva 



Leucogranite is for example comparable in size with 
the Himalayan intrusions (Le Fort et al., 1987) and 
the abundance of tourmaline may reflect anatexis 
of a considerable amount of metasedimentary mate- 
rial at depth. Provisional isotopic data from the 
Naarva Leucogranite (Hugh O'Brien, pers. comm.) 
suggest a component of older crust in the source, 
although it is unclear whether this would represent 
direct melting of an older basement, rather than 
anatexis of penecontemporaneous accretionary prism 
sediments containing detritus derived from an older 
crustal provenance. Evidence already exists for the 
presence of older detrital materia1 in Hattu schist belt 
sediments (Huhma 1987; Vaasjoki et al., 1993, this 
volume), and in support of an older crustal inherit- 
ance in other granitoids intruding the Hattu schist 
belt (O'Brien et al., 1993a, this volume; Sorjonen- 
Ward and Claoué-Long, 1993; Vaasjoki et al., 1993, 
this volume). These results therefore might be cited 
in favor of the involvement of older continental crust. 
However, recent studies elsewhere in the Finnish 
Archean have increasingly recognized the signifi- 
cance of high-grade supracrustal domains that ap- 
pear to be broadly equivalent in age to the Hattu 
schist belt (A. Kontinen, pers. comm.). Therefore, if 
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the Naarva Structural Domain were to represent the 
boundary between separate tectonic provinces or 
terranes, a convergence scenario involving basement 
and juvenile crust could be invoked. 

It is important to evaluate terrane boundary hy- 
potheses by Field based studies that may constrain the 
postulated amount and direction of displacement. In 
the case of the Naarva Structural Domain it is possi- 
ble that a generally dextral sense of kinematic indica- 
tors predominates, although it is not possible to 
iniegrate the total amount of strain across the prov- 
ince. It may be however that asymmetric strike-slip 
motion within the Naarva Structural Domain is not as 
great as it might at first appear, since lineations 
commonly have steep rather than shallow plunges. 
This may be more consistent with a high strain 
component in a vertical direction as a consequence of 
compression orthogonal or slightly oblique to the 
zone, resulting in alternating apparent sinistral and 
dextral shear sense on horizontal surfaces. It is not 
known whether the steeper lineations and foliations 
result from progressive reorientation of originally 
low-angle structures, and therefore the possible role 
of thrusting with respect to crustal thickening re- 
mains conjectural. 

Pihlajavaara Structural Domain: a relatively simple variably 
plunging anticlinorium 

The Pihlajavaara Structural Domain essentially 
comprises the major north plunging Pihlajavaara 
Anticline exposing the Sivakkojoki and Hosko For- 
mations to the north and West of the Tasanvaara 
Tonalite (Figs. 5 and 6). This structure can be traced 
further northwards with a steadily decreasing plunge 
to Pihlajavaara (x = 6984, y = 4559 in Figs. 6 and 8), 
where it is obliquely trnncated by the Rosvohotu 
Shear Zone, and beyond into the Hosko Structural 
Domain, where it is complicated by more frequent 
variations in plunge (Fig. 8). 

The Pihlajavaara Anticline is fundamental to un- 
derstanding the geometry and history of deformation 
in the Hattu schist belt, as well as enabling the 
stratigraphic sequence in the northern part of the 
schist belt to be deterrnined. Although it is rather 
poorly exposed, the position and form of the anticline 
is well constrained from the alternating strong and 
weak geophysical signatures of various units of the 
Sivakkojoki and Hosko Formations (Fig. 5 ) ,  in com- 
bination with bedding, cleavage and depositional 
younging relationships. Thus it is truly an upward 
facing fold having dextral minor folds (Fig. 14e) and 
cleavage sense (Fig. 14c) on the westward-younging 
western limb and conversely, sinistral rninor folds 
and cleavage intersections (Fig. 20c, d) on the east- 

ward-younging eastern limb. The relative thickness 
of lithic units in the hinge of the anticline withrespect 
to the limbs is deceptive, because of the moderate, 
rather than steep plunge of the fold axis. This applies 
particularly as Pihlajavaara is approached, where 
lineations become progressively shallower and pass 
through horizontal, before reversing entirely and 
plunging gently to the southeast. 

The Pihlajavaara Anticline is also of importance in 
allowing the relative timing between folding, shear 
zone development and granite emplacement to be 
assessed. It is evident from Figs. 5 and 6 that the 
Tasanvaara Tonalite and associated dikes along the 
eastern margin of the pluton have intruded the east- 
ern limb of the Pihlajavaara Anticline. Unless these 
were successively emplaced as concordant sills, which 
seems rather unlikely, this geometry clearly implies 
that the Pihlajavaara Anticline existed prior to em- 
placement of the Tasanvaara Tonalite. It would sim- 
ilarly be difficult to attribute the development of the 
Pihlajavaara Anticline to dextral shear along the 
western margin af the Tasanvaara Tonalite. It is 
important to emphasize therefore, that the Pihlajavaara 
Anticline does not represent a domal structure wrap- 
ping around or mantling the Tasanvaara Tonalite. 
This does not however, preclude continued amplifi- 
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cation and tightening of the anticline during or sub- 
sequent to pluton emplacement. 

If the present form of the Pihlajavaara Anticline 
results from such progressive deformation, then it 
would be of considerable interest to establish wheth- 
er or not the axial plane during the initial stages of 
fold development had a reclined or recumbent atti- 
tude, because this might provide some constraints on 
the tectonic setting of the schist belt. Progressive 
steepening of early low-angle structures is for exarn- 
ple implicit in accretionary prism reconstructions, 
while thrusts and recumbent fold nappes might indi- 
cate the existence and polarity of tectonic translation 
of the Hattu schist belt onto an older foreland base- 
ment. So far however, there is no evidence for such 
features either during, or predating the formation of 
the Pihlajavaara Anticline. If early recumbent fold- 
ing did take place, then the upward facing character 
of the Pihlajavaara Anticline requires that such folds 
would have had wavelengths effectively greater than 
the whole of the northern part of the schist belt. 

The possibility of early thrusting or detachment of 
the Hattu schist belt from its original substrate cannot 
be excluded. However it is not easy to demonstrate 
the existence of such structures, even where 
microstructural evidence shows a relict layer-paral- 
lel foliation deformed or modified within the folia- 
tion axial planar to the Pihlajavaara Anticline. The 
recognition of distinct early fabrics is very difficult 
where progressive deformation and reorientation has 
taken place, unless accompanied by porphyroblast 
growth (Bel1 and Johnson, 1992), as indeed appears 
to be the case at Pihlajavaara (Fig. 24 a-d). However, 

interpretation there is made more complex by prox- 
imity to the Rosvohotu Shear Zone, so that the relict 
S, within pseudomorphed porphyroblasts in Figure 
24 a-d may actually correspond to the Pihlajavaara 
Anticline axial planar foliation which has otherwise 
been reoriented or transposed into the predominant 
S, crenulation cleavage. 

It is concluded that the Pihlajavaara Anticline 
does not represent a progressively reoriented recum- 
bent fold, nor is there any compelling evidence to 
suggest that it was superimposed upon an earlier set 
of recumbent folds or small-scale thrusts. The ob- 
served variation in plunge could be primary, rather 
than a result of refold interference, but it seems more 
likely, particularly in the Hosko Structural Domain, 
that the original geometry of the anticline has been 
substantially modified by accommodation to defor- 
mation along the Rosvohotu and Kivipuro Shear 
Zones. A corollary of this is that the Pihlajavaara 
Anticline represents regional scale upright folding 
about steep to upright axial planes, while subsequent 
deformation became progressively partitioned into 
discrete higher strain zones. 

Because Lithic Unit 6 within the Sivakkojoki 
Formation has been dated to 2754I6 Ma and the ages 
of the Silvevaara Granodiorite and Tasanvaara 
Tonalite are at least 2757r14 Ma and 2748+6 Ma 
respectively , the onset of formation of the Pihlajavaara 
Anticline must also fall within this time interval. 
However, the overlap of these dates makes it highly 
unlikely that the precision of isotopic data could be 
sufficient to discriminate between individual 
deformational events within the Hattu schist belt. 

Hosko Domain: dome and basin refolding between divergent shear zones 

The Hosko Structural Domain (Fig. 8) is effective- 
ly bounded by the Rosvohotu Shear Zone in the West 
and, less precisely, by the Kivipuro Shear Zone in the 
east. It is distinctive in that lineations typically plunge 
southwards, in contrast to the generally steep north- 
erly plunges present elsewhere in the Hattu schist 
belt. This domain is further characterized by exten- 
sive hydrothermal alteration within graywackes and 
volcaniclastic deposits of the Hosko Formation; in 
some places sericite is so abundant that it warrants 
further investigation as a potential industrial source 
of potassium. Although some alteration may be relat- 
ed to syndepositional processes, parts of the Kartitsa 
Granite have been dynarnically recrystallized to 
quartz-muscovite-microcline assemblages (Figs. 18g 
and 24f), implying that alteration is largely 
syndeformational. 

Primary depositional units and clastic features are 
commonly preserved, in spite of alteration, so that it 

has been possible to establish that the domain is 
upward facing and also to define several major struc- 
tural features. The most notable of these is the doubly 
plunging domal Hoskonlampi F, Antiform (centered 
on x = 7000, y = 4560 in Fig. 8), between the Kartitsa 
Granite and the Rosvohotu Shear Zone. The northern 
part of this structure shows northwards plunging 
lineations with dextral minor folds and cleavage 
intersections on the westem side and conversely, a 
sinistral sense to minor folds and cleavage intersec- 
tions on the eastern side, so that the location of the 
hinge of the antiform is rather well constrained. The 
central part of the antiform outcrops poorly but the 
southern part, between the lakes Iso Kivijärvi and 
Pieni Kivijärvi (from x = 6999, y = 4560 to x = 6987, 
y = 4561 in Fig. 8) is better exposed and show a 
change to plunges between south and southwest. 
Accordingly, in contrast to the situation with north- 
erly plunging geometry, the westem limb of the 
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antiform, while still displaying westwards 
depositional younging, shows sinistral minor folds 
and cleavage intersections instead of a dextral sense. 
Likewise, the eastern limb of the antiform youngs 
eastwards but has dextral instead of sinistral cleav- 
age and minor fold geometry. 

The Hoskonlampi Antiform is almost isoclinal 
with both the eastern and westem limbs dipping 
steeply at about 70" westwards. The hinge of the 
antiform describes an Open sigmoidal pattern de- 
flecting northwards into the Rosvohotu Shear Zone 
and converging southwards, evidently with steadily 
diminishing amplitude, upon the Kivipuro Shear 
Zone at about x = 6995, y = 4560.5 in Figure 8. The 
form of the complementary Valkeasuo Synform, 
between the Hoskonlampi Antiform and the 
Rosvohotu Shear Zone has been deduced from mag- 
netic and IP anomaly patterns but its existence is also 
dictated by the geometry and position of the east- 
wards younging eastern limb of the Pihlajavaara 
Antiform near the terminations of the Rosvohotu and 
Kivipuro Shear Zones (from x = 6994, y = 4560 to 

x = 6992, y = 4561 in Fig. 8). This leads to the 
interpretation that the Hoskonlampi Antiform and 
Valkeasuo Synform are F, refolds of the eastern limb 
of the Pihlajavaara (F,) Anticline, accompanying 
deformation along the Rosvohotu and Kivipuro Shear 
Zones. Although no consistently reliable kinematic 
sense has been obtained for movement along these 
shear zones, the trace of the Hoskonlampi Antiform 
has a geometry consistent with that of en echelon 
folds generated during oblique dextral transpression 
(Wilcox et al., 1973). Whether this stage of deforma- 
tion was a completely independent event or the result 
of progressive deformation partitioning as the 
Pihlajavaara Anticline amplified and tightened is 
unclear. The precise timing of emplacement of the 
Kartitsa Granite on the northeastern flank of the 
Hoskonlampi Antiform is likewise uncertain, even 
though it is apparent from microstructural observa- 
tions that it must to some extent predate synde- 
formational recrystallization and associated hydro- 
thermal alteration (Figs. 18 and 240. 

Kuljunki Structural Domain: more refold interference patterns 

To the north of Pihlajavaara (x = 6995, y = 4560 in 
Figs. 7 and 8), the eastern boundary of the Kuljunki 
Structural Domain is juxtaposed against the Hosko 
Structural Domain by the Rosvohotu Shear Zone, 
whereas between Pihlajavaara and Poikopaa (x = 
6989, y = 4560 in Fig. 7) it is probable that a 
conformable transition exists between the Hosko 
Formation and the Kuljunki Formation on the west- 
ern limb of the Pihlajavaara Anticline. South from 
Poikopaa a shear zone has been inferred to account 
for the apparent truncation of strata evident from 
geophysical data; no outcrop information is however 
available to corroborate this. The western boundary 
of the Kuljunki Structural Domain is defined by the 
eastern margin of the Naarva Leucogranite, and this 
is also considered to closely coincide with a shear 
zone (heavy blue line in Fig. 7), obliquely truncating 
aeromagnetic anomalies. 

It can be seen from Fig. 7 that only one exposure 
is known from the entire southern and western part of 
the Kuljunki Structural Domain, so that the rather 
complicated structural interpretation deduced for 
this area relies almost totally on aeromagnetic data. 
A dome and basin refold interference pattem has 
been inferred by analogy with deformational style in 
the Hosko Structural Domain. Depositional younging 
and cleavage relationships near Poikopaa (x = 6988, 
y = 4559 in Fig. 7) and throughout a well exposed 
zone between the lakes Mustalampi (x = 6991.5, y = 
4557.5 in Fig. 7) and Suuri Petäjäjärvi (x = 6996, y 

= 4558 in Fig. 7) do however impose some con- 
straints on possible explanations and lead to a broad 
kinematic interpretation of the Kuljunki Structural 
Domain that involves dextral shear superimposed 
upon the western limb of a major synclinorium. The 
existence of an overall northerly plunging synformal 
structure exists is readity demonstrated by tracing the 
east-younging Lithic Unit 46 southwards from Suuri 
Petäjäjärvi through Kuljunki (x = 6994, y = 4558 in 
Fig. 7) and Mustalarnpi to a fold hinge beneath €he 
lake Elimonjärvi (x = 6988, y = 4558 in Fig. 7), and 
from there northwards to Pihlajavaara (x = 6995, y = 
4559 in Fig. 7). This is known as the Sammakkosuo 
Synform and is almost isoclinal, with limbs dipping 
at about 80" to the west. 

If D, dextral shear across the Kuljunki Structural 
Domain took place as postulated, then it might be 
anticipated that there would be very little modifica- 
tion of the westward younging limb shared between 
the Pihlajavaara Anticline and the Sammakkosuo 
Synform (Fig. 6), or at least dextral F, folds would be 
difficult to distinguish from F, folds having the same 
sense. In contrast, the eastward younging western 
limb of the Sammakkosuo Synform could be expect- 
ed to show dextral F, folds superimposed on sinistral 
Dl features, provided of course that F, and F, both 
had northerly plunges. Evidence for this kind of 
overprinting exists in the relatively well exposed 
area between Kuljunki (x = 6994, y = 4558 in Fig. 7) 
and Mustalampi (x = 699 1, y = 4558). There primary 
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depositional features in Kuljunki Formation turbidites 
and volcaniclastic deposits are well preserved (Fig. 
14d-h) and the overall enveloping surface defined by 
Lithic Unit 46 youngs to the east. Within this succes- 
sion however, some structural anomalies have been 
identified. The first of these occurs within the more 
pelitic lower part of Lithic Unit 46 and can be traced 
for more than a kilometer northwards from 
Mustalampi as far as outcrops adjacent to the Naarva- 
Pihlajavaararoad (Fig. 7). Numerous exposures show 
composite lithological layering and S, foliation at a 
high angle to a strongly differentiated S, crenulation 
cleavage (Figs. 14f and 20a,b). It has not yet been 
possible to establish whether the overall asyrnmetry 
of this zone of F, folding is dextral, as appears to be 
the case in a parallel but smaller zone within the 
overlying coarse-clastic part of Lithic Unit 46, be- 
tween the Naarva-Pihlajavaara road and Kuljunki 
(x = 6994, y = 4558 in Fig. 7). 

In that area, eastwards depositional younging of 
strata is well documented, but the predominant cleav- 
age shows a dextral rather than sinistral asymmetry 

across lithological layering, in apparent conflict with 
all other observations from the northern part of the 
Hattu schist belt. However, an earlier fabric with a 
sinistral sense appropriate for the eastward younging 
limb of an F, fold is evident in several places, 
indicating that the more strongly developed crenul- 
ation cleavage is indeed S,. Since this well developed 
S, foliation is not associated with F2 folds that cause 
reversals of younging, it is more appropriate to in- 
voke inhomogeneous dextral D2 shear or large scale 
boudinage subparallel to lithological layering, with 
S, thus corresponding to the S-surface in S-C 
mylonites (Berthé et al., 1979; Lister and Snoke, 
1984). If this process had advanced still further, it 
could have culminated in the formation of strike-slip 
duplexes (Woodcock and Fischer, 1986;Tanner 1992) 
and apparent thickening of the Kuljunki Formation, 
in much the same way as has been proposed for 
the Juttuhuuhta Duplex in the Pampalo Structural 
Domain, which is the subject of the following sec- 
tion. 

Pampalo Structural Domain: a close relationship between 
ductile faulting and folding 

The Pampalo Structural Domain commences be- 
tween Tiittalanvaara and Pyllynvaara (x = 6984, y = 
4565 and x = 6985, y = 4566 respectively in Fig. 6), 
several kilometers north of the village of Hattuvaara. 
It continues with a northwesterly trend along the 
western margin of the Korpivaara Tonalite, after 
which structures curve northwards once more into 
the Hosko Structural Domain (Fig. 8). The Pampalo 
Structural Domain varies from 1-3 km in width and 
is distinctive in that ultramafic rocks are exposed 
over much of its length. These ultramafic rocks 
contain relict autoclastic features suggesting a pri- 
mary extrusive origin and have a komatiitic compo- 
sition (O'Brien et al., 1993a, this volume). There- 
fore they are regarded as an integral part of the 
Pampalo Formation and do not represent an 
allochthonous unit tectonically emplaced into the 
Hattu schist belt. 

The Pampalo Structural Domain is currently re- 
garded as the most prospective part of the Hattu 
schist belt for gold mineralization and because of 
this, the southern part of the domain has been studied 
in detail and fortunately a wealth of detailed ground 
geophysical data (magnetic, Slingram and induced 
polarization methods) is now available to assist in 
interpretation. When combined with lithological and 
structural observations from relatively well-exposed 
areas this has enabled certain marker horizons to be 
identified and correlated throughout the zone. The 

southern part of the zone is better exposed and 
consequently structural interpretation has concen- 
trated on this region, even though prorninent till 
geochemical anomalies in Au, Ni and various path- 
finder elements indicate that the northern part of the 
domain should be equally prospective (see Fig. 1 1 in 
Hartikainen and Nurmi, 1993, this volume; Nurmi et 
al., 1993, this volume). 

Deformational sequence and kinematic history 
of the Pampalo Structural Domain 

A prominent feature in Figs. 2, 5, 6 and 8 is the 
northwesterly trend of the Pampalo Shear System in 
comparison to the general northerly trend throughout 
the remainder of the Hattu schist belt. In addition, 
there is abundant evidence from the Hattuvaara and 
Pampalo Structural Domains for a sinistral kinemat- 
ic sense. In a superficial sense these features can be 
simply described using terminology developed for 
zones of strike-slip deformation. The Pampalo Shear 
System could thus be regarded as representing a 
releasing bend along a sinistral strike-slip system 
according to the definitions of Wilcox et al. (1973) 
and Woodcock and Fischer (1986) or alternatively, 
as an extensional zone between left-stepping pairs of 
sinistral en echelon faults according to the analysis 
by Rodgers (1980). Although Rodgers (1980) was 
primarily concerned with basin development, his 



analysis is useful in that it draws attention to the 
interaction between sets of subparallel faults or shear 
zones, where individual fault segments have differ- 
ing amounts and rates of displacement. 

In detail however, this releasing bend interpreta- 
tion is not altogether satisfactory, on at least two 
counts. Firstly, there is if anything more evidence for 
dextral, rather than sinistral deformation associated 
with the Rosvohotu and Kivijoki shear zones in the 
Hosko Structural Domain. Interpretations are further 
complicated by a marked change in the plunge of 
mineral lineations along the Pampalo Structural 
Domain. In the southern part of the domain plunges 
are from 50-70" to the north and northwest, as is 
typical for the Hattu schist belt in general. However, 
towards the Korpilampi prospect (x = 6992, y = 4562 
in Figs. 6,7 and 8), plunges become shallower (Fig. 
19h) and undergo a complete reversal, so that at the 
northern end of the domain, lineations and folds 
plnnge southwards, just as in the adjacent Hosko 
Domain (Fig. 7). Therefore, it is by no means definite 
that the Pampalo Structural Domain formed within a 
major strike-slip shear system; oblique or dip-slip 
movements may also have been substantial, depend- 
ing on the kinematic significance and interpretation 
of lineations. 

The Juttuhuuhta Contractional Duplex: a 
further response to oblique deformation 

The second way in which deformation in the 
Pampalo Shear System departs from idealized re- 
leasing bend geometry is that some features within 
the zone are evidently of compressional, rather than 
extensional origin. The most significant of these 
structures is the Juttuhuuhta Contractional Duplex 
between Tiittalanvaara and Pampalo (x = 6984, y = 
4565 and x = 6988, y = 4564 respectively in Figs. 5 
and 6). 

The existence of the Juttuhuuhta Duplex is postu- 
lated on the basis of geometrical incongruities found 
during mapping of surrounding strata, and receives 
additional support from the interpretation of geo- 
physical data (Fig. 5). Initially attention was drawn 
to the apparent thickening of the Pampalo Formation 
between Tiittalanvaara and Pampalo, since no con- 
vincing reason was known as to why this should be 
a primary extrusive feature. Secondly, it was noticed 
that depositional younging was eastwards to either 
side of this structure, while the trace of the Ignola F, 
Synform was evidently deflected around it. A corol- 
lary of this is that before the development of the 
Pampalo Shear System, the Pampalo Formation would 
have formed part of the eastern limb of the Pihlajavaara 
Anticline. The apparent thickening of the Pampalo 
Formation must therefore have been achieved either 

Geological Survey of Finland, Special Paper 17 
An overview of structural evolution and lithic units ... 

by isoclinal intrafolial folding or else by detachment 
from the sediments of the underlying Tiittalanvaara 
Formation and imbrication by faulting. Intrafolial 
folding seems a less likely explanation, given the 
massive mafic, and presumably relatively compe- 
tent, nature of the Pampalo Formation withrespect to 
the Tiittalanvaara Formation lithologies; geometri- 
cal incompatibilities also arise when attempting to 
extrapolate such folds along strike towards Pampalo. 

The alternative explanation involves detachment 
from the underlying Tiittalanvaara Formation and 
tectonic repetition by fault imbrication. Boyer and 
Elliot (1982) presented an orderly sequence for the 
propagation of thrusts and duplexes, involving suc- 
cessive initiation and deactivation of faults as 
displacements were taken up on the next section. 
Woodcock and Fischer (1986) subseqnently extended 
this analysis to strike-slip systems, which are geo- 
metrically equivalent, but not subject to the same 
gravitational and isostatic constraints as low-angle 
thrust systems. Because the Pihlajavaara Anticline 
was argued above to be a relatively early structure, 
the Juttuhuuhta Duplex is unlikely to have formed in 
a horizontal or shallow dipping attitude and hence 
strike-slip terrninology is probably more appropri- 
ate. However, the terms 'roof thrust' and 'floor 
thrust' will still be employed for the bounding thrusts 
of the duplex, in spite of their steep orientations. 

The duplex geometry was largely deduced on the 
basis of the distribntion of the distinctive coarse- 
clastic mafic to intermediate Lithic Unit 28 (shown in 
yellow in Fig. 6), along with the distinct geophysical 
characteristics of enclosing basaltic and doleritic 
lithologies (green shades in Fig. 6). Because of the 
homogeneity of mafic lithologies and the tendency 
for foliations and folding to be less clearly developed 
than in pelitic rocks, structural analysis is according- 
ly more difficult. Interpretations therefore may be- 
come heavily reliant on geophysical data and a unique 
solntion may be difficult to find. Within the 
Juttuhuuhta Duplex for instance, the abrupt termina- 
tions of some linear anomalies have been taken to 
represent the oblique truncation of lithic units by 
faults, rather than evidence for highly variable 
petrophysical properties within individual horizons 
(Figs. 5 and 6). If this stnictural interpretation is 
valid, then Lithic Unit 28 also corresponds to the 
main ore horizon of the Ward deposit, where howev- 
er its primary nature is more obscure. 

The most essential feature of the Juttuhuuhta 
Contractional Duplex is the bifurcation of the Pampalo 
Shear Zone at Tiittalanvaara (x = 6984, y = 4564.5 in 
Fig. 6) into the Juttuhuuhta Floor Thrust and 
Juttuhuuhta Roof Thrust, and their subsequent con- 
vergence towards Pampalo, forming the toe of the 
duplex, in the vicinity of the Ward deposit (point P in 
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Fig. 5). Note that between the farm Ignola (x = 
6982.0, y = 4564.9 in Fig. 9) and the point of 
bifurcation at Tiittalanvaara, the Pampalo Shear Zone 
is drawn as obliquely cntting upwards through the 
iron formations comprising Lithic Unit 26 of the 
Tiittalanvaara Formation (colored magenta in Figs. 6 
and 9), and into the Pampalo Formation, such that the 
Juttuhuuhta Floor Thrust is interpreted to lie close to 
the boundary between the massive dolerite and basalt 
of Lithic Unit 29 (grass green in Fig. 6) and the 
ultramafic Lithic Unit 30 (yellow-green in Fig. 6). 
Between Tiittalanvaara and Tetrisuo (x = 6986.0, y = 
4565.5 in Fig. 6) the Juttuhuuhta Roof Thrust also 
juxtaposes older Tiittalanvaara and Pampalo Forma- 
tion lithologies against Lithic Unit 29, suggesting 
that the top of this stratigraphical horizon may have 
been mechanically significant during deformation. 

According to this interpretation, the highly 
anisotropic, quartz-rich and micaceous graywackes 
and iron formations at the top of the Tiittalanvaara 
Formation would have provided a favorable detach- 
ment horizon beneath the more massive mafic 
lithologies of Lithic Units 27-29 of the Pampalo 
Formation, while the contact between mafic and 
ultramafic rocks at the base of Lithic Unit 30 would 
have been a preferential site for failure and propaga- 
tion of the Juttuhuuhta Roof Thrust. However, it is 
not absolutely certain that the ultramafic rocks of 
Lithic Unit 30 were in fact mechanically weaker than 
the underlying dolerites, since some exposures con- 
sist of massive and homogeneous tremolite rock 
devoid of any obvious tectonic fabric, as well as 
retaining primary autoclastic features (Fig. 15h). 
More typically however, ultramafic rocks are repre- 
sented by highly foliated talc-chlorite-biotite- 
tremolite schists, particularly in the toe of the 
Juttuhuuhta Duplex, where drilling of the Ward gold 
deposit has delineated an extensive area of these 
rocks, showing very complex folding pattems. It is 
therefore probable that the timing of metamorphic 
reactions, as well as the extent of fluid flow and 
degree of rock permeability, has ultimately control- 
led whether or not this unit has been mechanically 
incompetent. There may be an element of positive 
feedback in this case, since once initiated, deforma- 
tion-enhanced permeability may itself have local- 
ized fluid flow within this particular horizon. 

In addition to the Juttuhuuhta Roof and Floor 
Thrusts, which define an enveloping surface to the 
Juttuhuuhta Duplex, three internal fault-bounded 
imbricate units have been recognized, each of which 
represents the repetition of Lithic Units 27-29 (indi- 
cated by blue-green, yellow and grass green colors 
respectively in Fig. 6). The geometry and sequence 
of development of faults in duplexes in thrust sys- 
tems have been reviewed from both a theoretical 

viewpoint and using practical examples by Boyer 
and Elliot (1982). One of their more significant 
conclusions was that in classical foreland fold and 
thrust belts, faults splay upwards from the floor 
thrust in a regular manner, with a general migration 
of successively formed faults towards the foreland. 
Earlier formed faults, including stacked imbricate 
units, androof thrusts where duplexes are developed, 
may then be carried passively while displacements 
continue on younger thrusts, with the resultant ge- 
ometry being partly dependent upon spacing be- 
tween fault splays and thickness of the faulted layers. 

Strike-slip or steeply dipping fault systems may 
not be subject to the same constraints and it is 
therefore possible that imbricate faults within the 
Juttuhuuhta Contractional Duplex did not develop in 
such a regular sequence. Before discussing this fur- 
ther, it is perhaps useful to name each of the three 
proposed imbricate units, or horses, to use conven- 
tional thrust system terminology, progressing along 
a northwest trending line from the Juttuhuuhta Roof 
Thrust (x = 6985.0, y = 4565.5 in Fig. 6). The first, 
and therefore structurally highest unit, is the 
Repokallio Horse, which overlies the Tetrisuo Horse, 
which in turn overlies the Lintukangas Horse, the 
base of which corresponds to the Juttuhuuhta Floor 
Thrust. 

According to Boyer and Elliot (1982), the se- 
quence just given would typically correlate with the 
general sense of propagation and younging of imbri- 
cate faults. It thus seems quite reasonable to propose 
that the Lintukangas Horse formed after the Tetrisuo 
Horse. The Repokallio Horse could therefore be 
expected to have formed before the Tetrisuo Horse 
but it is also possible that it developed independently 
and out of sequence. In this case the fault between the 
Repokallio and Tetrisuo Horses would have origi- 
nated as part of the roof thrust to the Juttuhuuhta 
Duplex, which would then have consisted of only 
two horses. Deformation of this fault, associated 
with further displacement along the Juttuhuuhta 
Footwall Thrust could then be attributed to continued 
sinistral transpression across the Ignola F, Synform, 
with concomitant tightening of the Pyllynvaara F, 
Antiform (Figs. 5 and 6). 

It is not valid to quantitatively restore the magni- 
tude of deformation associated with the Juttuhuuhta 
Contractional Duplex because the true vector of 
displacement is not known, nor is the extent to which 
strain was accommodated by volume change or duc- 
tile deformation. A very crude estimate based on 
restoring the length of Pampalo Formation lithic 
units back along proposed fault planes does however 
lead to a figure of about eight kilometers, including 
the inferred displacement of Pampalo Formation 
rocks above the Juttuhuuhta Roof Thrust. This effec- 



tively implies that prior to development of the Pampalo 
Shear System and the Ignola F, Synform and 
Pyllynvaara F, Antiform fold pair, the east-younging 
eastern limb of the Pihlajavaara Anticline continued 
uninterrupted for a considerable distance south of 
present day Hattuvaara. 

The contractional duplex interpretation alone can- 
not account for all of the lithological relationships 
observed between Tiittalanvaara and Pampalo, nor 
in the region between Pampalo and Korpilampi (x = 
6992, y = 4562 in Fig. 6). The absence of Lithic Unit 
30 ultramafic rocks to the south of Tiittalanvaara can 
nevertheless be explained by the prpent erosion 
level being such that such high stratigraphical levels 
are no longer exposed within the northerly plunging 
Ignola F2 Synform, or by shearing out along the 
Pampalo Shear Zone. This explanation cannot apply 
to the area between Pampalo and Korpilampi howev- 
er, where much of the mafic part of the Pampalo 
Formation appears to be absent, with only a small 
amount of basalts separating ultramafic rocks from 
the underlying Tiittalanvaara Formation ironstones 
and graywackes. This may indicate that part of the 
Pampalo Formation was excised by faulting event 
prior to formation of the Juttuhuuhta Duplex, unless 
of course the various lithic units comprising the 
Pampalo Farmation originally had highly variable 
and restricted distributions. However, the presence 
of typical Pampalo Formation lithologies still fnrther 
north, within the Hosko Structural Domain, for ex- 
ample at Pieni Kivijärvi (x = 6997, y = 4561 in Fig. 
8) suggests that the latter possibility is less likely. 
The alternative explanation, namely an earlier stage 
of faulting within the Pampalo Shear System, can 
also be invoked to explain relationships with Lithic 
Unit 30 in the southern part of the area now occupied 
by the Juttuhuuhta Contractional Duplex. 

This proposal is difficult to demonstrate, given 
poor exposure and the uncertainties inherent within 
stratigraphical subdivision of the Pampalo Forma- 
tion, with its dependence upon geophysical data. 
Nevertheless the present interpretation of the geom- 
etry of the Juttuhuuhta Contractional Duplex actual- 
ly demands the existence of such faulting, in order to 
explain the thinning or absence of Lithic Unit 29 
between Tetrisuo (x = 6986.0, y = 4565.5 in Fig. 6) 
and Pampalo, thus juxtaposing Lithic Unit 28 against 
talc-chlorite-biotite-tremolite schists belonging to 
Lithic Unit 30. Further indications for early deforma- 
tion within Lithic Unit 30 exists several kilometers 
northwest of Pampalo (at x = 6989, y = 4563 in Fig. 
6), where typical sinistral F2 folds deform an early 
foliation of opposite sense that is clearly unrelated to 
any regional folding event. If early faulting within 
the Pampalo Shear System did take place as sur- 
mised, then a sinistral extensional geometry would 
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be geometrically appropriate for deformation being 
initiated at a releasing bend within a sinistral strike- 
slip system. 

The final stages of ductile deformation within the 
Pampalo Shear System were probably influenced by 
related activity along the Kelokorpi and Tsurkkila 
Shear Zones. This applies particularly to the struc- 
tures developed in response to the curving of the 
Kelokorpi Shear Zone near its termination (point K 
in fig. 5), notably the excision of part of the Hosko 
Formation, and the development of the backfold that 
evidently deformed the toe of the Juttuhuuhta Du- 
plex, which may also have controlled the geometry 
and formation of the Ward gold deposit (point P in 
Fig. 5). This could be taken as evidence for a more 
extensional type of deformation post-dating devel- 
opment of the Juttuhuuhta Contractional Duplex, 
consistent with the releasing bend or dilational jog 
configuration of this part of the Pampalo Shear 
System. 

Two distinct F, Antiforms have also been deline- 
ated within the Tiittalanvaara Formation in the foot- 
wall to the Pampalo Shear System between Tiitta- 
lanvaara and Pampalo (schematically highlighted by 
dark blue ornament in Fig. 6). Kinematically the 
anticlockwise rotation implied by this geometry could 
be attributed to relatively greater strain rates along 
the Pampalo Shear System compared to the Kelo- 
korpi Shear Zone. It is perhaps also noteworthy that 
where these two antiforms appear to have maximum 
amplitude, gentle convex bulges are apparent in the 
trace of the footwall to the Pampalo Shear Zone. 
Additional features of interest include evidence that 
clasts in Tiittalanvaara Formation conglomerates 
apparently record a strain history of flattening fol- 
lowed by sinistral folding (Fig. 20c, d). As yet 
however, a satisfying explanation for the highly 
prolate nature of these clasts perpendicular to the Y- 
Z plane of the strain ellipsoid (Fig. 20e) has not been 
found. 

Structural control and timing of gold 
mineralization in the Pampalo Strnctural 
Domain 

In recent years considerable emphasis has been 
placed on the importance of transpressive and strike- 
slip deformation within Archean gold-bearing prov- 
inces in both Canada (Colvine et al., 1988) and 
Western Australia (Boulter et al., 1987, Mueller et 
al., 1988). Superficially it also seems reasonable to 
interpret the structural context of mineralization in 
the Hattu schist belt in this way. Thus, the evidence 
for sinistral displacement within thePampalo Shear 
System can readily be correlated with a dilational jog 
using the terminology of Sibson (1987), or as a 
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Fig. 21. Hattuvaara Stmctural Domain outcrop features. 
a. Elongation and alignment of small deformed clasts interpreted as S, foliation and S, penetrative foliation defining distinct S, (not 
merely S ,  refracted through arenite layer) parallel to compass and pencil, both showing sinistral sense of fold vergence withrespect 
to sedimentary layering, near hinge zone of Ignola F, Synform at Vetunmökinkangas. Bmnton compass diameter is 7 cm. 
b. Well developed differentiated S, crenulation cleavage with sinistral sense across composite lithological layaing and S, also with 
semi-concordant quartz veins, on east-younging western limb of Ignola F, Synform at Vetunmökinkangas. Note arcuate trace of 
S, in proximity to folded veins at upper right. Brunton compass diameter is 7 cm. 
c. Quartz veins and flattening of sericitic pseudomorphs after probable andalusite porphyroblasts, parallel to axial plane of 
mesoscopic folds in eastwards younging sequence of feldspathic arenites on eastern limb of Pyllynvaara F, Antiform, near contact 
with Viluvaara Granodionte at Hattuvaara. Bmnton compass diameter is 7 cm. 
d. Linked asymmetric boudins stepping obliquely across foliation in mylonite developed in polymictic Tiittalanvaara Formation 
conglomerate near hinge of Ignola F, Synform at Vetunmbkinkangas. Geometry may resultfrom progressive anticlockwiserotation 



releasing bend in a strike-slip system (Woodcock 
and Fischer, 1986). This may indeed satisfactorily 
describe the initial stages of deformation in the zone, 
but as discussed earlier, the contractional rather than 
extensional geometry of the Juttuhuuhta Duplex, and 
the tightness of the Ignola F, Synform argue for a 
more complex history. Moreover, it has still not been 
established whether gold was introduced during the 
formation of the duplex structure, or during subse- 
quent back rotation and deformation of the footwall 
thrust; this has obvious implications for exploration 
in the vicinity. 

It is nevertheless evident that there is a strong 
structural control on the general distribution of gold 
within the Pampalo Structural Domain even though 
the precise structural setting and timing of mineral- 
ization are still not adequately understood. The Ward 
deposit, which is currently the best studied explora- 
tion target within this part of the Hattu schist belt 
(Nurmi et al., 1993, this volume), is situated within 
the toe of the Juttuhuuhta Duplex, thereby generating 
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additional interest in the possible relationship be- 
tween duplex geometry and gold mineralization. 
However, drilling of the Ward deposit reveals that 
the ore has an upright tabular geometry parallel to the 
axial plane of the backfold between the Pampalo and 
the Kelokorpi Shear Zone (Nurmi et al., 1993, this 
volume); gold mineralization is therefore likely to 
predate at least the initiation of the Juttuhuuhta 
Contractional Duplex. Visible gold also occurs with- 
in narrow anastomozing mylonitic seams that show 
evidence for both brittle and ductile behavior. Biotite 
and in some cases actinolite has recrystallized within 
these seams but, in contrast with the Kuittila Zone, 
there is less evidence of dynamic recrystallization 
and porphyroblast growth after rnineralization, thus 
making it more difficult to establish the relationships 
between metamorphism, deformation and minerali- 
zation. Moreover, it is not clear whether the gold 
associated with these seams indicates the 
remobilization of existing mineralization, or actually 
represents the main stage of mineralization. 

Hattuvaara Domain: transpression, oblique F, folds, and overprinting cleavages 
adjacent to an intruding pluton 

The Hattuvaara Structural Domain is effectively 
defined as a rather narrow north trending zone ex- 
tending from the southern end of the Juttuhuuhta 
Duplex (Figs. 6 and 9) to the northern end of the 
Kuittila Tonalite (Figs. 9 and 10). The Kelokorpi 
Shear Zone is taken as the western boundary of the 
domain (southwards from x = 6985.0, y = 4564.3 in 
Figs. 6 and 9), while to the east it is bounded by the 
Tsurkkila Shear Zone, which is also considered to 
coincide with the western margin of the Viluvaara 
Granodiorite between Pyllynvaara (x = 6985, y = 
4566) and the Ramepuro gold prospect (x = 6988, y 
= 4564.5). 

The dominant feature within the Hattuvaara Struc- 
tural Domain is the Ignola F, Synform, which is an 
almost isoclinal structure that has been definedrather 
precisely due to the relatively abundant preservation 
of depositional younging features within coarse- 

clastic sediments of the Tiittalanvaara Formation 
(Figs. 15b-e and 21a, c). Between Pyllynvaara and 
Hovattalanvaara (x = 6980.5, y = 4564.5 in Fig. 9) it 
has also been possible to delineate the complementa- 
ry Pyllynvaara F, Antiform, which is also isoclinal, 
while nevertheless still retaining recognizable pri- 
mary depositional features (Fig. 21c). Evidently the 
hinge plane of the Pyllynvaara F, Antiform intersects 
the margin of the Viluvaara Granodiorite to the south 
of Hovattalanvaara, whereas the Ignola F, Synform 
can be traced much further south (Fig. 9). 

It would be possible to interpret the Ignola Synform 
as an F, structure complementary to the Pihlajavaara 
Anticline, were it not for the fact that in several 
outcrops an earlier, typically differentiated cleavage 
has been recognized. On the westwards younging 
fold limb between the Ignola Synform and 
Pyllynvaara Antiform this earlier cleavage is con- 

of en echelon fractures M-M+ and N-N+, initially formed at higher angle to foliation. Lineation is almost vertical and perpendicuiar 
to plane of outcrop. 
e. Evidence for episodic brittle failure during progressive deformation of mylonitized conglomerate at Vetunmökinkangas. 
Interpretation includes anticlockwise rotation of mylonitic foliation along early formed fracture P-P, which was eventually 
truncated by displacement along subsequently formed R-RC, which was in turn reoriented by anticlockwise rotation. Brunton 
compass diameter is 7 cm. 
f. Detail of Fig. 21e showing progressive diminishing of displacement and deflexian towards R+, and development of feature 
analogous to rollover effect in "hanging wall". Brunton compass diameter is 7 cm. 
g,h.Variations in competence of clastcwithin mylonitized polymictic Tiittalanvaara Formation cmglomerate at Vetunmökinkangas. 
Note lack of asymmetry to deflexions around felsic porphyritic clasts and that finer-grained intraformational clasts are likely to 
have been more oblate prior to deformation, thus accentuating present contrasts in shape. Brunton compass diameter is 7 cm. 
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Fig. 22. Structural relationships at Ukkolanvaara and Korentovaara. a. Early layer-parallel quartz vein segregations buckled into 
dextral F,  folds with S, axial planardifferentiated foliation and S, crenulation cleavage cutting obliquely with opposite sense. Note 
bluish gray zone with oriented growth of ferroactinolite porphyroblasts surrounding thick buckled vein, suggesting local chemical 
migration dunng early stages of deformation. Ukkolanvaara. Brunton compass diameter is 7 cm. b. Small scale dextral folding of 
sedimentary layering and layer-parallel veinlets in finely laminated unit beneath massive graded feldspathic arenite bed at 
Ukkolanvaara. Brunton compass diameter is 7 cm. c. Well-developed S, crenulation cleavage in pelitic upper part of feldspathic 
turbiditic graywacke from F, fold hinge at Ukkolanvaara, with buckling of Dl  veinlets developed at high angle to S,. Brunton 
compass diameter is 7 cm. d. Predominantly dextral displacements along brittle fractures subparallel to principal foliation, best 
defined by alignment and orientation of mica-rich clasts (arrowed) in conglomerate at Korentovaara. Brunton compass diameter 
is 7 cm. e. Sinistral F, folds in quartz-grunerite-magnetite banded iron formation at Ukkolanvaara, with evidence to right of compass 
for layer-parallel boudinage prior to folding. Brunton compass diameter is 7 cm. f. Continuation of left margin of Fig. 22e, showing 
F,-F, Ramsay Type 1 interference pattern. Brunton compass diameter 1s 7 cm. g. Quartz-vein in axial planar orientation with respect 



sistently oblique to lithological layering and has a 
sinistral sense, which is opposite to the dextral sense 
of the penetrative S, axial planar foliation. Providing 
that F, and F, fold hinges were close to coaxial, and 
that S, and S, truly represent axial planar foliations, 
the only solution to this geometric configuration is 
that a large sinistral, east-younging F, fold limb has 
been refolded about an F, synform and antiform. 

This interpretation is consistent with that given 
above concerning the geometry and kinematics of 
the Juttuhuuhta Duplex and is also in accord with 
observation that the eastwards younging succession 
including the Tiittalanvaara Formation continues for 
nearly 20 km from the northern end of the Tasanvaara 
Tonalite (Fig. 6) to the northern end of the Kuittila 
Tonalite (Fig. 9). This may be regarded as a relict, 
little modified portion of the original eastern limb of 
the Pihlajavaara Anticline. Because there does not 
appear to be any detectable change in metamorphic 
grade along this zone, it is concluded that the 
Pihlajavaara Anticline was not initially a steeply 
plunging structure, and that the present steep plunges 
of lineations and fold hinges are the result of super- 
imposed deformation. 

A traverse from West to east through the relatively 
well exposed area around Vetunrnökinkangas (x = 
6977, y = 4564 in Fig. 9) commences with eastwards 
younging strata belonging to the Tiittalanvaara For- 
mation (Fig. 21b), before passing into a major north- 
plunging synformal fold hinge and some highly 
deformed conglomerates (Fig. 21d-h), close to the 
inferred traces of the Pampalo and Tsurkkila Shear 
Zones. As discussed earlier, the precise nature, ge- 
ometry and location of these two shear zones is 
uncertain in this area. The Pampalo Shear Zone is 
shown (schematically) in Figure 9 as converging 
with the Tsurkkila Shear Zone south of Vetunmökin- 
kangas (at x = 6974, y = 4564.6 ). It is possible that 
faulting along the Parnpalo Shear System is analo- 
gous to a thrust propagating out of a tightening 
syncline. If this is so then displacement could be 
expected to diminish steadily southwards such that at 
Vetunmökinkangas, high dnctile strains are preva- 
lent, whereas discrete shears and faults may be absent. 

This is consistent with the spectacular mylonitic 
fabrics and evidence for alternating brittle failure and 
asymmetric boudinage in conglomerates at 
Vetunmökinkangas (Fig. 21d-h), but implies that the 
synformal hinge zone in adjacent exposures repre- 
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sents the Ignola F, Synform. This is indeed the 
simplest explanation but some observations show 
the existence of an S, crenulation cleavage that cuts 
both limbs of the synform, suggesting that it may in 
fact be an F, structure and so complementary to the 
Pihlajavaara Anticline. A similar relationship of 
sinistral sense S, overprinting an earlier fabric that 
cuts lithological layering with a dextral sense has 
been demonstrated near the margin of the Viluvaara 
Granodiorite (Fig. 3 1 e) between Ramepuro and 
Hovattalanvaara (x = 6988.3, y = 4564.5 ) and is in 
fact quite widespread further to the southeast, within 
the adjacent Ukkolanvaara and Naukulampi Struc- 
tural Domains. This is one of the main reasons why 
the Tsurkkila Shear Zone is emphasized, in order to 
demarcate two distinct D, domains, namely the east- 
younging sinistral-sense limb of the Pihlajavaara 
Anticline and a west-younging dextral-sense D, do- 
main. 

It will also be recalled that the recognition of a 
dextral-sense S, foliation overprinting a locally pre- 
served sinistral-sense S, was the main criterion used 
to demonstrate that the Ignola Synform was an F, 
structure and not an F, synform complementary to 
the Pihlajavaara Anticline. It is thus relatively straight- 
fonvard to identify such overprinting foliations where 
they have opposing cleavage sense. It may be more 
difficult however to recognize the existence of two 
separate foliations where they have the same sense of 
asymmetry since they could easily be mistaken for 
the products of deformation partitioning formed dur- 
ing a single deformation event. This is essentially the 
problem at Vetunmökinkangas within the east- 
younging Tiittalanvaara Formation sequence, where 
it is required that both S, and S, have a sinistral sense 
with respect to lithological layering. The example 
shown in Figure 2 1 a could be interpreted as record- 
ing an S, crenulation cleavage (parallel to compass 
tip and pencil) at a higher angle to bedding but with 
the same sense as S, defined by the orientation and 
elongation of clasts in conglomerate horizons. If the 
arenaceous horizon differed mechanically from the 
enclosing conglomerate layers however, this rela- 
tionship might alternatively be attributed to strain 
refraction across layers of different competence. 
Resolution of this particular problem awaits detailed 
microstructural study. The existence of an early, 
nearly layer-parallel foliation and associated quartz 
vein development, overprinted by a differentiated S, 

to sinistral F, minor fold, superimposed on tight to isoclinal dextral F, folds in quartz-griinerite-magnetite banded iron formation 
at Kolmiriihinen. Note predominantly sinistral brittke offsets along quartz veins and fractures, except for apparent dextral 
displacement in middle section of main vein (Q-Q+), where amplitude of F2 fold is greatest. Bmnton compass diameter is 7 cm. 
h. Detail of disharmonic sinistral F2 fold in banded iron formation at Kolmiriihinen, with possibleantithetic dextral back fold (B) 
developed above layer out of which fold has propagated. Approximately 0.5 x natural size. 
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Fig. 23. Outcrop features in Kuittila and Naukulampi Structural Domains. a. Back-rotation and transposition of S, intodextral shear 
bands (C') within D, shear zone at Aluslampi. Approximately 0.5 x natural size. b. Deformed intrusive contact between Kuittila 
Tonalite and Korvilansuo Formation at Kivisuo. Mica schists dip with an angle of about 60" away from the tonalite. (Kivisuo 
PGW89-1019). c. Detail of Fig. 23b showing differential strain between mica schist and tonalite, with development of brittle- 
ductile dextral shear bands (C'). Brunton compass diameter is 7 cm. d. Detail of Kuittila Tonalite contact in Fig. 23b showing 
differential strain across Kuittila Tonalite contact. Note highly deformed narrow tonalite vein subparallel to foliation in mica 
schists and termination of brittle-ductile displacements parallel to compass, resulting in stepped contact, with deformation in mica 
schists accommodated by small Open synforms (U). Brunton compass diameter is 7 cm. e. Sericitized pseudomorphs after probable 
andalusite porphyroblasts that overgrew S ,  foliation at Pieni Kivilampi. Approximately 0.5 x natural size. f. Sericitized 
pseudomorphs at Haukivaara, presumably after andalusite porphyroblasts - note possible relict chiastolite form in pseudomorphs 
near tip of pen and compass. Porphyroblasts overprint and obliterate S,, while sericite replacement preceded or accompanied D, 
deformation. Approximately 0.5 x natural size. g. Anastomozing network of dextral brittle-ductile shear bands and faults across 



crenulation cleavage is nevertheless clearly evident 
in Figure 21b. 

The preceding discussion dealt with overprinting 
relationships in a geometrically rigorous manner 
but did not address the possibility of diachronous 
or migrating deformation or the existence af struc- 
tures that are only locally expressed. These concepts 
are relevant to the Hattuvaara Structural Domain 
inasmuch as deformational sequences rnay be valid 
at any given place, but not necessarily correspond 
exactly to sequences established elsewhere. For 
example, the S2 crenulation cleavage shown in Fig- 
ure 21b has a sinistral sense and orientation consist- 
ent with it being on the east-younging limb and 
axial planar to the synform at Vetunmökinkangas, 
as indeed does the putative S, in Figure 21a. As 
noted earlier, a similar sinistral sense crenulation 
cleavage is also present on the opposite, west- 
younging limb of the synform, where a dextral sense 
would be predicted. This information was used to 
conclude that the synform rnay be an F, feature, 
instead of representing the southwards continuation 
of the Ignola F2 Synform, which might have other- 
wise seemed to be the simplest solution. If however, 
the crenulation cleavage in Figure 21b and on the 
west-younging limb of the synform at 
Vetunrnökinkangas were a younger foliation, and 
not equivalent to S,, it would be acceptable to argue 
that this synform is in fact an part of the Ignola F, 
Synform after all. 

Progressive deformation along the contact with 
the Viluvaara Granodiorite, possibly in conjunction 
with emplacement of the pluton rnay provide one 
explanation for the origin of this locally snperim- 
posed, but closely related crenulation cleavage. The 
margin of the Viluvaara Granodiorite describes an 
arc between Vetunmökinkangas, where the contact 
strikes at 340"-350" and Pyllynvaara, where it trends 
at about 010"-020" (Fig. 9). It is also evident from 
Figure 9 that lithological layering between 
Pyllynvaara and Hovattalanvaara (x = 6980.5), as 
well as the axial trace of the Ignola F, Synform is 
essentially parallel to the contact with the Viluvaara 
Granodiorite. In contrast, the strike of lithologic 
layering in the east-younging limb of the synform at 
Vetunrnökinkangas is consistently between 330"- 
340°, with the crenulation cleavage (as in Fig. 21b) 
trending at 000"-010". No change in the orientation 
of this cleavage was noted across the hinge of the 
synform, but the strike of lithological layering is also 
close to 000°, corresponding to an interlimb angle of 
20"-30" for the fold. 
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These differences in orientation of lithological 
layering rnay nevertheless have been significant if 
they already existed during sinistral shear along, and 
transpression across the Hattuvaara Structural Do- 
main. The geometry of this deformation rnay be 
broadly comparable to that in S-C mylonites, where 
the crenulation cleavage superimposed on the Ignola 
F, Synform at Vetunmökinkangas represents the 
accumulation of strain, as in the S-surfaces of S-C 
mylonites (Berthé et al., 1979; Lister and Snoke, 
1984). It is therefore possible that while overprinting 
the S, axial planar foliation at Vetunmökinkangas, 
the crenulation cleavage in Figure 21b rnay still 
correlate with the axial planar foliation in potentially 
relatively late-formed folds, such as those that de- 
form the Tiittalanvaara Formation and the footwall 
zone beneath the Juttuhuuhta Contractional Duplex 
(Figs. 6 and 20c-e). 

This also implies that deformation was progres- 
sive in nature, such that the Ignola F2 Synform 
developed early during D, and was gradually tight- 
ened and that where sufficiently reoriented, the early 
formed axial planar S, was overprinted by a later D, 
foliation. This in turn prompts an interpretation in 
which transpressional folding within the Hattuvaara 
Domain and sinistral shear along the Kelokorpi, 
Tsurkkila and Pampalo Shear Zones have facilitated 
expulsion of Hattu schist belt sediments at the present 
crustal level, concomitant with expansion of the 
Tasanvaara Tonalite and Viluvaara Granodiorite. 

Only lirnited independent evidence exists con- 
cerning the relative timing of pluton emplacement 
and deformation in the Hattuvaara Structural Do- 
main. This includes the presence of high-strain zones 
in the marginal apophyses of the Tasanvaara Tonalite, 
and extensive dynamic recrystallization and 
hydrothermal alteration along much of the western 
margin of the Viluvaara Granodiorite (Figs. 24h, 27 
and 3 1e-f). Aluminosilicate porphyroblasts 
psendomorphed by sericite and are clearly deformed 
and elongate parallel to S, (Fig. 21c), but their timing 
with respect to granite emplacement is not known. 
Garnet growth over sericitized porphyroblasts has 
also been documented at Hattuvaara (x = 6981, y = 
4565 ), consistent with more widespread observa- 
tions from the Kuittila Structural Zone. Garnet is also 
present within the mineralized tonalitic dike at the 
Rämepuro prospect (Ojala, 1988). Both this tonalite 
dike, as well as rnineralized quartz-tourmaline veins 
have been affected by sinistral sense D, deformation, 
implying that pluton emplacement and deformation 
were broadly coeval. 

hydrothermally altered graywacke-pelite units at Muurinsuo. Brunton compass diameter is 7 cm. h. Probable late D, if not younger 
dextral brittle-ductile shear zone truncating composite S,-S, foliation at Muurinsuo. 
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Fig. 24. Microstructures in Pampalo and Hosko domains. a. Differentiated muscovite-dominated S, crenulation cleavage in altered 
Hosko F'ormation felsic volcaniclastic lithology adjacent to Rosvohotu Shear Zone at Pihlajavaara. Sericitized porphyroblasts, 
probably after andalusite, retain relict S, foliation, indicated by dashed lines. If the three pseudomorphed porphyroblasts k, rn and 
n at top right represent boudinage and segmentation of a single larger one, then defonnation under inhomogeneous pure shear, 
rather than simpleahear is implied, so that appwwt dextrdsense of prphyroclast rotation need not necessarily correspond to bulk 
kinematic displacement along the Rosvohotu Shear Zone. Note also asymmetric dynamically mcrystallized polygonal quartz 
aggregates on opposite sides of segment k, kimatically consistenf with dextral shear sense. Field of visw is approximately 25 
mm in width. b. internal fabric of sericitized porphyroblest at Pihlajavaara is subparallel to differentiated S, crenulation cleavage 
defined by sheafs of muscovite. Dynamically recrystallized fine-grained quartz-mica aBgregate between two portions of blast 
suggests extension and boudinage prior to or during S, formation, although an alternative interpretation would be that it represents 
a remnant of an even earlier foliation oriented perpendicular to that preserved in the porphyroblasts. Field of view is approximately 
12 mm in width. c Muscovite growth ia differentiated S, crenulation cleavage domains cutting and anastomozing around relict 
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Kuittila Structural Domain: F, folds and shear zones 
around a syntectonic pluton 

This domain is narned after the Kuittila farmstead, 
where the first indications of gold mineralization in 
the Hattu schist belt were found (Salminen and 
Hartikainen, 1986). The Kuittila Stnictural Domain 
coincides closely with the Kuittila Anomaly Zone 
defined and described by Nurmi et al. (1993, this 
volume), which includes all of the gold prospects 
currently known to surround the Kuittila Tonalite, 
between the Silvevaara Granodiorite in the West and 
the Tsurkkila Shear Zone in the east (Fig 10). The 
northern boundary of the Kuittila Structural Domain 
is effectively delineated by the trace of Lithic Unit 64 
(shownin bright bluein Fig. 10) aroundtheMuurinsuo 
F, Antiform. To the south and southwest, it has not 
been possible to accurately delineate the boundaries 
of the domain, due to exceedingly poor exposure. 

The Kuittila Structural Domain is characterized 
by extensive hydrothermal alteration, particularly 
between the Kauravaara Shear Zone and the Kuittila 
Tonalite. It is not known how far hydrothermally 
altered lithologies continue southwards and West- 
wards from the Korvilansuo prospect (Fig. 1 O), nor is 
the precise extent of the schist belt in this area known, 
due to the absence of outcrops and a lack of distinc- 
tive geophysical anomalies. The degree of diver- 
gence between the eastern and western limbs of the 
Muurinsuo Antiform (about 40") nevertheless re- 
quires either a considerable thickness of structurally 
underlying sediments, or that the Pogosta 
Granodiorite terminates in the vicinity. The latter 
alternative is favored by the presence of relatively 
thick tonalitic dikes within several drill-holes at the 
Korvilansuo prospect, associated with extensive al- 
teration and mineralization. 

Ground geophysics including magnetic, Slingrarn 
and IP measurements, with a line spacing of either 50 
or 100 m, cover much of the Kuittila Structural 
Domain. These data have been of limited value in 

structural interpretation, since the sediments of the 
schist belt are typically indistinguishablefrom tonalite 
on the basis of magnetic or slingram anomaly data. 
However, fine-grained disseminations of pyrrhotite 
are characteristic of the mica schists and commonly 
generate distinct IP anomalies, whereas the distribu- 
tion and abundance of snlfides and oxide minerals in 
granitoids results in generally weak IP responses. 
Therefore, the IP anomaly data have proven to be 
more valuable than magnetic data in interpreting 
structural features within the supracrustal rocks and 
delineating the contact between the schists and intni- 
sive rocks. 

Changes in depositional younging direction and 
cleavage and minor fold geometry enable the north 
plunging Muurinsuo F, Antiform to be traced for a 
number of kilometers parallel to the margin of the 
Kuittila Tonalite (Fig. 10). As noted earlier, the 
Korvilansuo Shear Zone is interpreted as obliquely 
trnncating the hinge of the Muurinsuo Antiform, 
with displacements increasing southwards, so that at 
Korentovaara conglomerates within Lithic Unit 64 
of the Korvilansuo Formation (shown in bright blue 
in Fig. 10) can be traced coherently around the 
antiform. It is unlikely that the Korvilansuo Shear 
Zone is as sharply defined as suggested by Figure 10. 
However, it does appear that geophysical anomalies 
within E-younging, N-striking sediments are trun- 
cated as shown, and that this coincides with a change 
in trend and younging direction, indicating that the 
hinge of the Muurinsuo F, has been crossed. 

It is also significant that the hinge of the Muurinsuo 
F, Antiform is deflected parallel to the margin of the 
KuittilaTonalite between Muurinsuo and Korvilansuo 
and that Lithic Unit 64 can be traced, at least on the 
basis of geophysical anomalies for some distance 
along the northeastern margin of the pluton. Struc- 
tural features developed at the margin of the Kuittila 

S, preserved within pseudomorphed porphyroblast at Pihlajavaara. Field of view is approximately 5 mm in width. d. Detail of Fig. 
24a interpreted as representing a formerly contiguous porphyroblast which underwent microboudinage during D,, with dynamic 
crystallization of quartz and muscovite aligned parallel to S, in boudin neck between segments m and n. Angular discordance 
between inferred relict S, fabrics in segment k with respect to segments m and n is attributed to antithetic rotation of segment k along 
surface parallel to dashed line, accompanied by dynamic recrystallization of quartz aggregate in "hanging wall", rather than 
porphyroblast growth over a pre-existing open fold. Field of view is approximately 12 mm in width. e. Incipient destruction of 
feldspar phenocrysts in sericite schist derived from Hosko Formation felsic volcaniclastic deposit at Iso Kivijärvi. Note evidence 
for recrystallization of microcline at porphyroclast boundaries and along discrete fracture zones. Crossed nicols. Field of view is 
approximately 12 mm in width. f. Anastomozing muscovite-pyrite cleavage domains in mosaic consisting essentially of 
dynamically recrystallized microcline in hydrothermally altered Kartitsa Granite at Hoskonjärvi; comparewith Eig. 18g. Crossed 
nicols. Field of view is approximately 12 mm in width. g. Predominantly brittk deformation of plagioclase phenocrysts in relatively 
well-preserved porphyry dike adjacent to Pampalo Shear Zone at Lietojanlampi. Note aligned mica growth along discrete narrow 
zones, and idioblastic pyrite porphyroblasts. Crossed nicols. Field of view is approximately 12 mm in width. h. Recrystallized 
quartz-muscovite-microcline protomylonite derived from hydrothermally altered contact between Hattu schist belt and Viluvaara 
Granodionte at Jaakkosenvaara; compare with Fig. 27. Crossed nicols. Field of view is approximately 5 mm in width. 



Cbological Survey of Finland, Special Paper 17 
Peter Sarjonen- Ward 

Fig. 25. Microstructures within Kuittila Structural Domain. a. Rare example from Kivisuo of optically contiguous relicts of 
andalusite porphyroblast (and) partly replaced by sericite aligned parallel to external foliation, with subsequent anoriented growth 
of kyanite (ky). Crossed polars. Field of view is approximately 5 mm in width. b. Same view as Fig. 25a under plane polarized light. 
c. Continuity of sericite and biotite alignment in pseudomorphed porphyroblast with deflected external fabric from Kivisuo. 
Kyanite (ky) clearly post-dates sericite crystallization but is confined to pseudomorphs, so that relative timing with respect to 
continued deformation of the matrix beyond porphyroblasts has not been conclusively established. Crossed polars. Field of view 
is approximately 5 mm in width. d. Sericitized post-S, porphyroblast from Korvilansuo, inferentially after andalusite, deformed 
by curved S ,  crenulation cleavage domain between p-q-r. Crossed polars. Fieldof view 1s approximately 20 mm in width. e. Straight 
relict S ,  fabric in sericitized pseudomorph of presumed andalusite porphyroblast in Fig. 25d is deflected near margin against SZA 
and S,, crenulation cleavage domains, with more general microfolding and transposition of S ,  in matrix. Plane polarized light. Field 
of view is approximately 5 mm in width. f. Local extensional geometry of differentiated S, crenulation cleavage domains that post- 
date sericitization of porphyroblast from Korvilansuo. Crossed polars. Field of view is approximately 7.5 mm in width. g. Detail 



Tonalite at Kivisuo (Figs. 23b-d and28a-c) show that 
the pluton and its wall rocks shared at least part of 
their deformational history, even though they evi- 
dently responded mechanically in different ways. 
Taken together these features imply that the develop- 
ment and tightening of the Muurinsuo F, Antiform 
was closely associated with the emplacement of the 
Kuittila Tonalite, analogous to the relationship be- 
tween the Pihlajavaara Anticline and the Tasanvaara 
Tonalite (Fig. 6). Porphyritic tonalite dikes are gen- 
erally strongly deformed and recrystallized (Fig. 
30f-h) and usually concordant with the country rock 
foliation and lithological layering, further suggest- 
ing a close relationship between deformation and the 
intrusion of tonalitic magma. 

The Kivisuo F, Antiform has been defined on the 
basis of variations in cleavage sense with respect to 
lithological layering even though no depositional 
younging determinations have been made. In some 
places recrystallization associated with cleavage de- 
velopment has been so intense that a high angle 
between lithological layering and cleavage is only 
discernible from inclusion trails in garnet and 
pseudomorphed aluminosilicate porphyroblasts. Sim- 
ilar microstructural relationships have been identi- 
fied at Korvilansuo (Fig. 23f, 25d-h and 26d-h), 
Kivisuo (Fig. 26a-c) and Muurinsuo. For this reason 
the preferred interpretation is that the major folds in 
the Kuittila Structural Domain are F, rather than F, 
structures. Younging directions support this inter- 
pretation, implying that prior to F, folding, the rocks 
of the Kuittila Structural Domain could have corre- 
lated with the eastern limb of the Pihlajavaara Anti- 
cline, and furthermore, that this sequence would 
have then younged away from the Silvevaara 
Granodiorite. An additional requirement of this in- 
terpretation is that early fold plunges should have 
been shallow, otherwise much greater stratigraphical 
sections should be evident when projecting along the 
axial down plunge. 

Whether the Kuittila Structural Domain records a 
progressive transition to higher crustal levels under 
a single stress regime is not certain, but some brittle- 
ductile features having the same geometry and kine- 
matics as more ductile strnctures have been observed 
(Fig. 23g,h). 
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Vein systems and their relationship to 
mineralization in the Kuittila Structural 
Domain 

Quartz vein systems in the Kuittila Tonalite are of 
general interest because they both contain gold min- 
eralization and provide some constraints on post- 
emplacement deformation within the pluton. This 
contrasts with veins in Hattu schist belt sediments, 
which are generally not mineralized and often strongly 
deformed, with more complicated structural histo- 
ries (Figs. 21b,c and 22a). 

Gold mineralization has been identified and drilled 
within a zone several hundred meters wide and about 
1 km long at the north-south trending contact zone 
between the Kuittila Tonalite and the Hattu schist 
belt (Nurmi et al., 1993, this volume). Four separate 
vein systems have been recognized within outcrops 
at the Kuittila prospect, although mntual overprint- 
ing relations have not been established in all cases. 
The first two vein sets are notable for containing 
abundant scheelite and molybdenite, the finding of 
which was the original catalyst for exploration in the 
Hattu schist belt (Salminen and Hartikainen, 1986; 
Nurmi et al., 1993, this volume). The two sets have 
separate though rather similar subvertical orientations, 
set Ql trending between 080"-1 10°, whereas set Q2 
tends to be oriented between 130"-150" (Fig. 29). 
Although some mutual truncating relationships are 
arnbiguous, suggesting that they may be coeval, they 
do not appear to form conjugate arrays and in most 
cases 4 2  veins demonstrably cut Q1 veins. While the 
Q 1 and Q2 veins retain a discrete tabular morphology 
and have not been folded, close inspection reveals 
considerable recrystallization at vein margins; evi- 
dently they formed prior to the development of the 
penetrative north-trending foliation defined by biotite 
alignment in the host tonalite. These veins also post- 
date a schistose, probably mafic dike (Ml in Fig. 29), 
now consistently essentially of biotite, chlorite and 
carbonate. 

These early molybdenite- and scheelite-bearing 
Q1 and Q2 vein sets are truncated by barren north- 
east-trending milky quartz veins and narrow brittle- 
ductile shear zones (Figs. 29 and 31c,d) that have a 
dextral sense, consistent with the kinematics of struc- 

of Fig. 25f between p and p+showing well-developed elongate polygonal recrystallized mosaic of quartz with dimensionally aligned 
biotite and chlorite, and relative depletion of quartz in S, crennlation cleavage domains. Plane polarized light. Field of view is 
approximately 5 mm in width. h. Enlargement of Fig. 25g (in different orientation).Note tendency for sulfide grains to be relatively 
equant inelongate polygonal quartz-chlorite domain compared to those in sericitized porphyroblast. Plane polarized light. Field 
of view is approximately 2 mm in width. 
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Fig. 26. Microstructures in Kuittila Domain (2). a. Staurolite porphyroblasts (st) from avisuo with growth precluded where 
impinging against p r e  or syn-S, quartz veins parallel to differentiated S, or transposed composite S,-S, foliation. Relative timing 
with respect to crenulation development not apparent in this sectioti, although if the porphyroblast within the short limb of the kink- 
l i b  fold in the upper right corner is older than the fold, bulk rotation of porphyroblast together with matrix through an angle of 
45-5OU may be implied. Plane poIarized light. ofview is approximately 25 mm in width. b. Millipede-like deflection of S, 
with divergence around edge of staurolite porphyroblast (st) at A, suggesting that staurolite growth preceded deformation that 
involved crystal-plastic deformation of quartz and biotite. Planepolarized light. Field of view is approximately 5 mm in width. c. 
More extensive field of view than in Fig. 26b, showing straight relict S, within staurolite porphyroblast (st) and millipede-like 
structure deflecting around it. Plane polarized light. Field of view is approximately 7.5 mm in width. d. Relict S, in garnet 
porphyroblasts at Korvilansuo (DDH-4244-R325-123.50 m) is almost orthogonal to hiotite alignment defining prominent S, 
foiiation, suggesting that early foliation in matnx has been completely obliterated by recrystallizatim. Note relative symmetry of 
polygonal quartz tails atonds of garnet porphyroblasts but apparent dextral asymmetry of muscovite evergrowth on pyrrhotite (po) 



tures in sediments adjacent to the Kuittila Tonalite 
(Figs. 23b-d, g-h, 28b). These milky quartz veins (Q3 
in Fig. 29) are also cut by narrow laminated quartz- 
tourmaline veinlets (T1 in Fig. 29) and are often 
composite and laminated, with a complex internal 
geometry. This could be explained in terms of clas- 
sical strike-slip brittle deformation models 
(Tchalenko, 1970, Wilcox et al., 1973), with a main 
vein (D surface) and subsidiary Riedel fractures and 
veins (parallel to dashed line in bottom left corner of 
Fig. 31c), subsequently overprinted by so-called 
P-fractures and veins (parallel to dot-dash line in Fig. 
3 1 c). In Figure 3 1 d it appears that the putative Riedel 
fractures are buckled or offset along P-fractures, but 
it is also possible that these deformed vein segments 
also have the appropriate orientation for disrupted 
Q1 veins. 

The final, and most important vein set at the 
Kuittila prospect from the viewpoint of mineraliza- 
tion, is not represented in the outcrop shown in 
Figure 29. Conseqnently the relationship between 
these veins and the Q3 barren miiky quartz veins is 
not known. Their mutual orientations would be 
kinematically appropriate for conjugate vein sets, 
but it remains to be demonstrated whether or not they 
were coeval. However, it has been established that 
the gold-bearing quartz veins and associated shear 
zones truncate molybdenite-scheelite-quartz veins 
that have the same orientation as the Q1 and Q2 vein 
sets in Fignre 29. This implies that gold mineraliza- 
tion postdated an early stage of molybdenum and 
tungsten rnineralization, an assertion that finds some 
support from Studies of sulfide mineral parageneses 
(Kojonen et al., 1993, this volume) and also from 
stable isotopic and fluid inclusion data (Bornhorst 
and Wilkin, 1993, this volume; O'Brien et al., 1993b, 
this volume). 

The auriferous veins and shear zones are also 
significant in that they were accompanied by ductile 
deformation and pervasive hydrothermal alteration, 
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such that tonalite can be completely replaced by a 
dynarnically recrystallized assemblage consisting 
primarily of quartz and sericite (Figs. 30c,d and 
31a,b). In some cases there appears to have been 
relatively little strain superimposed upon these al- 
tered rocks since despite a strong preferred align- 
ment, the outlines of pseudomorphed plagioclase 
grains are still discernible (Fig. 30c, d). Relatively 
low strains and episodic brittle deformation are also 
indicated by recrystallization textures within quartz 
veins that have retained a tabular outline or are only 
slightly buckled (Fig. 30c,d). Even more impressive 
are anoriented and angular, but dynamically 
recrystallized fragments of altered tonalitic wall rock 
(Fig. 31b) within quartz veins that show episodic 
buckling and truncation features, as well as lami- 
nated veins with sporadic cavities lined with dmsy 
quartz (Fig. 31a), all suggesting dilational vein for- 
mation under transient high fluid pressures and low 
differential stresses (Cox et al., 1987,1991; Sibson et 
al., 1988). 

Some apparent inconsistencies in tmncation rela- 
tions may be explained by later fault reactivation 
along the margins of some veins. A clear example of 
such faulting is evident in Figs. 29 and 3 lc, where the 
tourmaline-quartz vein T1 is offset sinistrally for 
several tens of centimeters along faults subparallel to 
a Q3 vein. This apparent sinistral offset may have had 
an additional vertical, as weil as strike-slip displace- 
ment; if such features are reiterated on a larger scale, 
then they may account for the difficnlty experienced 
in interpolating mineralized zones between adjacent 
drill holes throughout the Kuittila prospect (Nurmi et 
al., 1993, this volume). 

No constraints exist on the absolute time interval 
involved in vein formation, or how much deforma- 
tion represents later, even Proterozoic reactivation. 
Similar vein orientations and deformation patterns to 
those at the Kuittila prospect have been identified at 
the margin of the pluton at Kivisuo, some 3 km to the 

porphyroblast (arrowed), consistent with long axis orientation being oblique to S,. Nicol prisms obliquely aligned. Field of view 
is approximately 7.5 mm in width. e. Dynamically recrystallized intergrowth of quartz, biotite and pyrrhotite (po) around - 
porphyroblast of garnet (gt) from Korvilansuo (DDH-4244-R326-76.60 m), consistent with interpretation as a sinistral S-C 
mylonite with biotite folia above dashed line representing C plane. Nicol prisms obliquely aligned. Field of view is approximately 
7.5 mm in width. f. More detailed view of garnet porphyroblast in Fig. 26e showing alignment and elongation of pyrrhotite and 
quartz inclusions. Geometry appears consistent with either nucleation of microfold about preexisting gamet porphyroblast or 
growth of garnet over short limb of microfold; restriction of microfold to immediate vicinity of porphyroblast and the highly 
polygonal texture of quartz aggregates outside the porphyroblast (near T), compared to that of quartz inclusions within garnet 
nevertheless would seem to favour the former interpretation. Plane polarized light. Field of view is 5 mm in width. g. Transmitted 
light view overlapping with right hand part of Fig. 26f. (Note curved trail of silicates in pyrrhotite (po) terminating against 
polygonally recrystallized mosaic of strain-free quartz, suggesting the existence of a relict fabric. If instead these silicate trails 
represerit remobilization intofractures, such deformation would be kinematically inconsistent with the sinistral shear sense deduced 
from asymmetry about porphyroblast and microfolding of biotite (bt) grain (marked by arrow). Field of view is approximately 5 
mm in width. h. Dynamic recrystallization of tai1 af large pyrrhotite aggregate (po) within polygonal quartz-chlorite mosaic. In 
addition to large ragged poikiloblastic garnet (gt), small idioblastic garnets are also present adjacent ta pyrrhotite at upper right. 
Plane polarized light. Field of view is approximately 5 mm in width. 
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northwest of Kuittila (Fig. 28a-c). This suggests that lished, due to it being so poorly exposed and sparsely 
after cooling sufficiently to deform by brittle failure drilled. It is not clear for example whether the main 
the pluton was subjected to only small amounts of auriferous shear zone, which has a sinistral sense of 
regionally homogeneous strain. This in turn implies shear, is part of a systematic, en echelon network or 
that the lenticular shape of the pluton (Fig. 10) is a merely an isolated feature, such as an antithetically 
primary rather than tectonically imposed feature. rotated boudin neck within an overall dextral N-NE 

trending shear zone system. 

Relationships between shear zones and gold 
mineralization in the Kuittila Structural 
Domain 

It is possible to explain the geometry of the Kuittila 
Tonalite and the highly strained country rocks along 
its western margin in terms of syntectonic magma 
intrusion within a dilational releasing bend in a 
dextral strike-slip system. This would accordingly 
require that the discrete high-strain zones depicted in 
Figure 10 deform and obliquely truncate early formed 
fold traces. This makes it very difficult to ascertain 
whether gold-bearing structures were originally re- 
lated to the folding, rather than formed during the 
shearing, although the presence of mineralization 
within the KuittilaTonalite itself (Nurmi et al., 1993, 
this volume) would favour the latter alternative. A 
serious objection to the strike-slip model may be 
raised because of the generally steep lineations 
throughout the Kuittila Zone, although it is possible 
to argue that this is a result of vertical extensional 
strains superimposed on early strike-slip structures. 
However, if gold were introduced during this later 
stage of deformation, a different approach to explo- 
ration would be required. 

For example, the geometry of the reverse faults 
and associated vein systems truncating anticlinal 
fold hinges in the Bendigo district of south-east 
Australia (Cox et al., 1987, 1991) may provide an 
apposite analog. However, in the Bendigo area, min- 
eralization and reverse faulting tends to post-date the 
main stages of fold development, whereas there is no 
evidence that gold mineralization or remobilization 
is present within relatively late brittle-ductile struc- 
tures in the Kuittila Structural Domain (Fig. 23g,h). 
Given the empirical spatial association between 
porphyritic dikes and anomalous gold concentra- 
tions, it is also important to establish whether or not 
they show a distinct structural control, such as within 
axialplane orientations, or along planes of high shear 
strain. In conclusion therefore, caution should be 
exercised in interpreting the kinematic evolution and 
significance of regional structural features, both in 
assessing the origin and setting of known deposits, 
and in developing exploration strategies. 

The overall geometry and context of gold rniner- 
alization at the Kuittila prospect, as opposed to 
outcrop scale structural control, has not been estab- 

Are there distinctive structural controls on 
mineralization in the Kuittila Structural 
Domain? 

Most structurally controlled mesothermal depos- 
its occur either in subsidiary splays to large scale 
shear zones (Eisenlohr, 1987; Colvine et al., 1988), 
or within vein networks that typically show a regular 
geometric relationship with regional folding (Cox et 
al., 1987), commonly occurring in domal culmina- 
tions (Mawer, 1987). The overall geometry of re- 
gional folds and granitoids in the Hattu schist belt is 
reasonably well established but because of generally 
poor exposure, major shear zones are not so precisely 
defined; in many cases their positions have been 
inferred from oblique truncations of geophysical 
anomalies or from incompatibilities in extrapolating 
structural trends from areas with good outcrop con- 
trol. 

In the Kuittila Structural Domain, the generally 
diffuse nature of mineralization and the presence of 
wide zones of highly strained rocks are additional 
factors making it difficult to identify any key struc- 
tures. The Korvilansuo, Kauravaara and Kelokorpi 
shear zones and the Muurinsuo F, Antiform (Fig. 10) 
may be potentially important features, although the 
relationship between folding and shear zones and the 
sense of displacement along postulated shear zones 
is not yet adequately understood. Overall structural 
geometry is analogous to that of gold deposits in 
Paleozoic turbidite-slate provinces (Cox et al., 1987, 
1991; Gray and Willman, 1991), except that the 
Hattu schist belt evidently represents deeper crustal 
levels, with higher metamorphic grade, more exten- 
sive alteration and more ductile deformation proc- 
esses. It is interesting to speculate whether a contin- 
uum exists between these deposits, such that miner- 
alization processes in the upper crust, where late 
tectonic discordant plutons are characteristic, coin- 
cides with peak metamorphism in the lower crust, 
which overprints earlier formed deposits. For this to 
be acceptable however, it would require that higher 
grade metamorphism did not cause remobilization 
and dispersal of gold, and would also have implica- 
tions for the amount of fluid flow from the lower to 
upper crust. 



Timing of alteration and metamorphism with 
respect to deformation in the Kuittila 
Structural Domain 

Outcrop information and drillcore samples from 
the Korvilansuo prospect (Fig. 10) have provided 
insights into the relationships between metamor- 
phism, deformation and hydrothermal alteration. Al- 
teration of pelitic lithologies, manifest in the abun- 
dance of chlorite-sericite-biotite dominated assem- 
blages, is particularly pervasive, while texturally the 
rocks are typically intensely strained and laminar; in 
many instances they may be described as recrys- 
tallized ultramylonites. In some cases these rocks 
contain ore grade gold tenors and the absence of 
discrete brittle-ductile structures or alteration zones 
overprinting this mylonitic fabric provides strong 
evidence that gold was already present, if not intro- 
duced, during this high-strain event. The altered 
metasediments typically contain almost totally 
sericitized pseudomorphs after andalusite 
porphyroblasts, commonly several centirneters across 
(Figs. 23f and 25a-h). These pseudomorphs usually 
show evidence of inclusion trails surviving from 
original porphyroblast growth (Fig. 2%-e) and the 
effects of subsequent dynamic recrystallization, in- 
dicating that ductile deformation and crenulation 
cleavage development post-dated sericitization (Fig. 
25d). Aluminous pelitic lithologies also contain 
porphyroblasts of chlorite, biotite, garnet and locally 
staurolite, all of which show textural evidence indi- 
cating that they grew after the earliest stages of 
deformation, but pre-dating or accompanied 
crenulation cleavage formation (Fig. 26a-h). 

These textural observations have been important 
in assessing the relationships between metamor- 
phism, deformation and hydrothermal alteration in 
the Kuittila Structural Domain. Moreover, studies of 
alteration systematics and element enrichment asso- 
ciation~ throughout all of the known gold prospects 
in the Kuittila Structural Domain (Bornhorst and 
Rasilainen, 1993, this volume; Rasilainen et al., 
1993, this volume) indicate that this hydrothermal 
alteration is the only event with which the introduc- 
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tion of gold can logically be associated. By inference 
then, the relative tirning of gold mineralization in the 
Kuittila Structural Domain can be established by 
determining the relationship between alteration, de- 
formation and metamorphism. 

The porphyroblasts pseudomorphed by sericite 
are not entirely restricted to mineralized zones (Fig. 
23e). Neither are they everywhere in close proximity 
to granitoids, so that it is unlikely that they represent 
contact metamorphic phenomena, nor are they alone 
necessarily diagnostic of extensive fluid flow and 
hydrothermal processes. Only in a few cases has 
relict andalusite been found, attesting to their prima- 
ry composition. These show optically contiguous 
rernnants separated by anastomosing searns of fine- 
grained and oriented sericite (Fig. 25a,b). 

In several instances kyanite porphyroblasts over- 
print sericite (Fig. 25a-c) and is seen as important 
evidence for demonstrating that a thermal event, or at 
least isobaric cooling, was superimposed upon the 
alteration assemblages that accompanied gold rnin- 
eralization. It is clear that the sericitic pseudomorphs 
after andalusite have been deformed and their mar- 
gins recrystallized during D, deformation, as shown 
by their relationship to S, crenulation cleavages 
(Figs. 23f and 25d-h). This argument cannot, how- 
ever, be applied to the kyanite porphyroblasts them- 
selves since they have not yet been found outside of 
the sericitic pseudomorphs and their relationship to 
D, fabrics is at present unknown. Thus, unlike 
staurolite, garnet, biotite, chlorite and pyrrhotite 
porphyroblasts, all of which show distinct strain 
perturbation effects (Fig. 26a-h), and therefore crys- 
tallized somewhat before or during D, deformation, 
kyanite growth could conceivably record a separate 
younger metamorphic event. If, however, kyanite 
forms part of the garnet-staurolite-biotite-chlorite- 
muscovite-quartz-plagioclase assemblage in pelitic 
lithologies, then a progressive increase in metamor- 
phic grade immediately following hydrothermal al- 
teration and gold mineralization is implied, and may 
even signify the existence of an anticlockwise P-T-t 
path for the Hattu schist belt. 

Ukkolanvaara Structural Domain: further evidence 
of overprinting fabrics 

Ukkolanvaara lies to the east of the postulated uous with those of the Naukulampi Structural Do- 
trace of the Tsurkkila Shear Zone, near the northern main to the southeast, but the area is treated separate- 
termination of the Kuittila Tonalite (x = 6971, y = ly here because of the well preserved overprinting 
4565 inFig. 11). Structures here are probably contig- relationships and the anomalous S, cleavage sense 
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with respect to all of the domains discussed so far. 
This is principally manifest as dextral north plunging 
folds and dextral cleavage intersections attributed 
to D, (Fig. 22a,b), associated with westwards 
stratigraphical younging and therefore indicating the 
existence of a major F, synformal hinge zone be- 
tween Ukkolanvaara and Vetunmökinkangas (Fig. 
9). 

As discussed in the preceding section on the 
Hattuvaara Structural Domain, uncertainty exists 
whether the synformal hinge exposed at 
Vetunmökinkangas represents the continuation of 
the Ignola F, Synform or a modified F, stmcture. 
Irrespective of which of these possibilities is correct, 
deformation along and in proximity to the Tsurkkila 
Shear Zone, causing shearing or truncation of an F, 
synform is invoked in order to account for the abrupt 
change in S , cleavage geometry. It is unlikely that the 
earliest dextral folds seen at Ukkolanvaara are F, 
instead of F, structures, since younging directions 
would still be incompatible with the Muurinsuo F, 
Antiform and associated folds in the neighboring 
Kuittila Structural Domain. It is therefore concluded 
that the Tsurkkila Shear Zone is a geometrical re- 
quirement in order to separate two Dl structural 
domains and that D, deformation associated with this 
zone has substantially modified, if not transposed an 
obliterated an F, synform complementary to the 
Pihlajavaara Anticline. 

The overall enveloping surface to lithological 
layering at Ukkolanvaara trends at 3 15O-330°, which 
is clearly a distinct orientation with respect to that 
adjacent areas, where bedding and in particular S, 
have a more northerly strike; this again suggests that 
the Tsurkkila Shear Zone may indeed be an impor- 
tant structural break. Another important structural 
element at Ukkolanvaara is the S, differentiated 
crenulation cleavage (Fig. 22a,c), which clearly cuts 
lithological layering with a consistent sinistral sense. 
However, because the sequence here youngs west- 

wards, and appropriately, has dextral F, folds, the 
sinistral sense of S, requires that it is not associated 
with mesoscopic folding in this area. Instead it appar- 
ently shares the geometrical characteristics of an S- 
fabric in an S-C shear system, consistent with sinistral 
component of shear along the Tsurkkila Shear Zone, 
and analogous to the crenulation cleavage described 
earlier from Vetunmökinkangas. Inhomogeneous 
shear with a sinistral sense could also explain the 
anomalous orientation of lithological layering at 
Ukkolanvaara. 

A further feature of interest at Ukkolanvaara in- 
cludes the presence of a small area where depositional 
younging direction appears to reverse, without a 
corresponding change in the dextral S, cleavage 
sense. The only conclusions that can be drawn from 
this is that an early recumbent phase of folding 
preceded the deformation so far recognized as Dl or, 
more probably, given the local nature of this anom- 
aly, synsedimentary slumping took place, perhaps 
facilitated by proximity to the banded iron forma- 
tions of Lithic Unit 84 (Figs. 9, 11). These iron 
formations typically show spectacular refold inter- 
ference patterns, interpreted in numerous cases as 
recording isoclinal dextral F, folds superimposed by 
sinistral sense F, folds (Fig. 22e-h). 

Outcrops at Ukkolanvaara also illustrate varia- 
tions in foliation style and vein formation. Bedding 
concordant quartz veins appear to have been 
boudinaged prior to F, folding and contain a discon- 
tinuous median line of wall rock (Fig. 22a). Chlorite 
selvages and differentiated S, foliae are also present 
and may record metamorphic conditions during Dl 
deformation. Some graywacke units also contain 
narrow vein arrays at a high angle to lithological 
layering, which have probably been buckled before 
S, cleavage formation (Fig. 22c). Randomly oriented 
actinolite porphyroblasts also clearly overprint at 
least the S, foliation at this locality (Fig. 22a). 

Naukulampi domain: transpressional refold interference patterns 
between diverging shear zones 

The Naukularnpi Structural Domain comprises the 
southeastern margin of the Hattu schist belt (Fig. 1 l), 
between the Tsurkkila Shear Zone and theLukanvaara 
Leucogranite (Fig. 1 1). The Ilaja Structural Domain, 
which includes the area occupied by the Ruukinpohja 
Formation, adjacent to the Russian border (Fig. 12), 
is treated separately here because the lack of expo- 
sure in the intervening area precludes establishing 
relationships with confidence. 

The broad geometry of the Naukulampi Structural 
Domain is evident from Figure 1 1 as a fanning set of 

tight to isoclinal folds whose axial planes tend to vary 
from a northerly trend near Ukkolanvaara (x = 697 1, 
y = 4565 in Figs. 9 and 11) to a northeasterly trend 
approaching the Lukanvaara Leucogranite. This pat- 
tern is also evident from the aeromagnetic data 
(Fig. 3), and is consistent with cleavage geometry 
and minor folds observed in outcrop. Between Ukko- 
lanvaara and the Kivilampi Shear Zone (which is a 
curved feature extending through x = 696 1, y = 4565 
and x = 6967, y = 4567 in Fig. 1 l) ,  dextral S, cleavage 
intersections occur, as at Ukkolanvaara, and indicate 
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that the refold pattern represents F, folds superim- 
posed on an initially west-younging large F, fold 
limb. This geometry changes across the Kivilampi 
Shear Zone in much the same way as the Tsurkkila 
Shear Zone appears to separate two D, domains. 
Otherwise this deformation zone has not been ade- 
quately defined, and could even represent an even 
earlier and regionally significant structure. 

Further evidence for D, deformation of earlier 
structures exists in a well exposed zone between the 
lake Kivilampi (x = 6965, y = 4566 in Fig. 11) and 
Pulkinkangas (x = 6961.5, y = 4566.5 in Fig. 11). 

Exposures along the shores of Kivilampi and an- 
other neighboring lake, Naukulampi typically show 
a penetrative biotite foliation at a high angle to 
lithological layering, in some cases cut by a differen- 
tiated cleavage having a northerly orientation, con- 
sistent with that of S, at Ukkolanvaara. It is argued 
however that S, fabric development was not as in- 
tense at in this area because of the orientation of 
preexisting foliation with respect to the D, shorten- 
ing field. Thus it is apparent that the area represents 
a large scale F, hinge zone, modified by D, strain. 
Further south, approaching the Lukanvaara 
Leucogranite, evidence has been found for a rever- 

sion to sinistral S, cleavage geometry superimposed 
by dextral S,, again consistent with crossing a re- 
gional F, fold hinge. 

Good evidence exists for garnet growth prior to S, 
formation, indicated by foliation perturbations, but 
also for preferential crystallization of garnet and 
chlorite within individual cleavage lithons. Garnet is 
also present in dynamically recrystallized mylonitic 
fabrics within the marginal part of the Lukanvaara 
Leucogranite, and indicates that there was high tem- 
perature deformation of that pluton and its wall rocks 
during emplacement. Transposition of lithological 
layering into a direction parallel to the margin of the 
pluton (Fig. 11) could be interpreted as a conse- 
quence of either dextral shear or flattening strains 
associated with pluton expansion at this crustal level. 
This means that apparent S-C mylonites and 
extensional shear bands do not necessarily indicate 
significant dextral transcurrent shear (Fig. 23a). The 
overall fanning geometry of F, folds throughout the 
Naukulampi Structural Domain could then be seen as 
a response to a combination of regional constriction 
and oblique sinistral displacement along the Tsurkkila 
Shear Zone. 

Ilaja Structural Domain - deformation at the end of a pluton 

The Ilaja Structural Domain is isolated from the 
rest of the Hattu schist belt because of poor exposure, 
while interpolation of structural trends between this 
area and the Naukulampi Structural Domain is hin- 
dered by the absence of prominent magnetic anoma- 
lies. Of immediate interest is the general easterly 
trend of lithological layering in this domain, which 
can be seen as a gradual change in orientation con- 
forming to the contact with the Lukanvaara 
Leucogranite (Figs. 11 and 12). This has an obvious 
geometrical analog at the southwestern margin of the 
Silvevaara Granodiorite (Fig. 3), where a simple 
interpretation involves amplification of an asymmet- 
ric dextral fold in a zone of perturbed stress at the end 
of the pluton, either concurrently with, or following 
emplacement. The resultant geometry is consistent 
with vertical flattening or constrictional strains, as 
well as major crustal shear zones anastomosing with 
northerly and northeasterly trends around the pluton. 

This interpretation is consistent with the invaria- 
bly dextral sense of S, with respect to lithological 
layering in the Ilaja Structural Domain. Evidence for 
an earlier differentiated foliation with opposite sense 
has been found in basaltic rocks, albeit at only one 
locality. Moreover, due to the contentious nature and 
scarcity of depositional younging indicators in the 
Ruukinpohja Formation (Fig. 17f,g), there is no 

information available concerning the possibility of 
major isoclinal folding or repetition by layer-parallel 
displacements within the domain. Thus the various 
shear zones shown by heavy blue lines in Figure 12 
must be regarded as schematic, being postulated in 
order to account for apparent structural anomalies 
that arise when extrapolating better constrained fea- 
tures out from the Naukulampi Structural Domain. 

It would be of interest to demonstrate the existence 
of a major dextral shear system along the southeast- 
ern margin of the Hattu schist belt, analogous to that 
proposed for the Naarva Structural Domain, since 
this would imply that the whole schist belt was 
deformed within an overall dextral transpressive 
regime. The Tsurkkila, Pampalo and Kelokorpi Shear 
Zones could then be seen as sinistral antithetic struc- 
tures formed in response to variations in strain rate 
between the two dextral shear systems bounding the 
schist belt. However, nntil it can be satisfactorily 
shown that the high strains within the Naukulampi 
and Ilaja Structural Domains are in fact related to 
strike-slip shear rather than flattening or constriction 
associated with pluton emplacement, this proposal 
should be treated as tentative. Furthermore, the ques- 
tion of scale becomes relevant, in that when traced 
further south towards Kiihtelysvaara and the Russian 
border, there is a progressive reorientation towards a 
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northwesterly trend (Fig. 2), so that the dextral trends must await more detailed regional structural analy- 
within the Hattu schist belt could themselves be ses in adjacent regions, including confirmation that 
regarded in turn as subsidiary features with a much proposed movements along such major structures 
larger sinistral system. Resolution of these problems were in fact coeval. 

EVIDENCE PERTAINING T O  METAMORPHIC CONDITIONS A N D  COOLING 
HISTORY I N  T H E  HATTU SCHIST BELT 

Deductions from metamorphic assemblages and microstructure 

Geothermometry based on detailed mineralogical 
studies of the Hattu schist belt gold prospects suggest 
that arsenopyrite and associated gold crystallized 
below 500°C and most probably around 400°C, 
whereas the various telluride-bismuth-gold assem- 
blages point to somewhat lower temperatures, around 
300°C (Kojonen et al, 1993, this volnme). So far very 
little geothermometry has been carried out using 
silicate mineral assemblages, although the results of 
a preliminary survey of biotite-garnet pairs are pre- 

sented by O'Brien et al. (1993a, this volume). Be- 
cause rnicrostructural evidence exists for several 
stages of gamet growth, including the presence of 
regular faceted rims on inclusion-rich cores (Fig. 
20g), and garnet-chlorite intergrowths in S, 
crenulation cleavage domains, care was taken to 
select examples where garnet-biotite grain bounda- 
ries were straight, free from inclusions and not in 
proximity to chlorite. Analysis showed that 
spessartine contents varied widely, being greatest in 
samples from mineralized and hydrothermally al- 
tered rocks, but temperature estimates calculated 
using a range of published geothermometers ap- 
peared to be largely independent of Mn content, 
typically yielding values around 480"-540°C. 

Similar results were obtained for samples adjacent 
to syntectonic granitoids, as well as for those taken 
from up to three kilometers from the nearest exposed 
granitoid contact, suggesting that it is not possible to 
define thermal aureoles or isograds around plutons at 
the present erosion level. The garnet-biotite temper- 
ature estimates also appear to be consistent with the 
presence of staurolite and kyanite in pelitic lithologies 
of appropriate composition. Mafic lithologies typi- 
cally consist of hornblende-plagioclase assemblages 
and contain very little chlorite or epidote, character- 
istic of lower amphibolite facies conditions at mod- 
erate pressures (Apted and Liou, 1983). Where al- 
tered however, tremolite, chlorite and calcite are 
present, but diopside has no1 been recorded, which 
may constrain peak metamorphic conditions to 
lowermost arnphibolite facies. 

Fig. 27. Quartz veins (blue Iines), brittle-ductile deformation zones 
(black) and alteration at margin of Viluvaara Granodiorite at 
Koivukrrllio, imediately north of the oillage of Hattuvaara (x = 
6982.1, y = 4565.6 in Fig. 9). Diagram is oriented with top towards 
north. Intensity of blue shading relates qualitatively to degree of 
silicification and feldspar r&crystaiUzation; note abntpt termination of 
alteration against quattz vein. Kinematic seme of vein opening and 
NNW-trending shear zone traversing length of outcrop both appear to 
be sinistral, whereas NBtrending arcuate ffactures consistently dis- 
place v&s with offsets of dextral sense. 



The above results are also in accord with qualita- 
tive microstructural evidence for deformation mech- 
anisms in various minerals. The validity of deduc- 
tions of this kind are of course limited by variations 
in deformation partitioning, fluid flow and strain 
rate, which can result in episodic and alternating 
styles of behavior. For example, the veins systems 
described from the Kuittila prospect record evidence 
of episodic brittle failure and dynamic recrys- 
tallization of quartz and mica (Figs. 29, 30c,d and 
3 la,d). Quartz has deformed plastically and typically 
shows, depending on overall strain and nature of 
associated minerals, evidence for recrystallization 
by sub-grain formation and lobate and serrated con- 
tacts indicative of grain boundary migration. Polyg- 
onal mosaics of strain-free quartz is also characteris- 
tic of many mylonitic rocks in the Hattu schist belt, 
indicative of annealing during or following relative- 
ly high-temperature dynamic recrystallization (Urai 
et al., 1986; dell'Angelo and Tullis, 1989; Gapais 
and Barbarin, 1989). 

Deformation regimes in granitoids are dependent 
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on temperature, with amajor threshold in mechanical 
behavior at around 500°C, possibly influenced by the 
onset of crystal plastic deformation in feldspar (Tullis 
and Yund, 1985; Gapais, 1989). This will depend in 
part on rnineralogy, notably the relative proportions 
and grain sizes of quartz, feldspar and rnica (Etheridge 
and Vernon, 1981; Vernon and Flood, 1988), and 
also on rock permeability, which may promote fluid 
flow and reactions that lead to mechanical weaken- 
ing of the rock (Oliver et al., 1990; Tobisch et al. 
1991). This process has probably been significant in 
the highly strained zone at the margin of the Viluvaara 
Granodiorite between Hovattalanvaara and 
Pyllynvaara (Figs. 27 and 3 10, and throughout the 
Hosko Structural Domain, where tonalitic and other 
feldspar-rich lithologies have dynamically 
recrystallized to highly foliated quartz-muscovite- 
microcline rocks (Fig. 24a-h). Microstructural stud- 
ies therefore also provide rudimentary evidence for 
temperatures approaching 500°C during deforma- 
tion associated with hydrothermal alteration and 
pluton emplacement in the Hattu schist belt. 

Implications of isotopic studies for thermal history 

An interesting feature that has emerged from iso- 
topic studies of the Ilomantsi granitoids is the statis- 
tically significant age difference between zircon re- 
sults and those for monazite and titanite (Vaasjoki et 
al., 1993, this volume), which can potentially reveal 
information concerning the post-emplacement ther- 
mal history of the region. Numerous studies of cool- 
ing histories from other regions have been published, 
based on the ages of various minerals determined 
with different isotopic methods, and a general con- 
sensus exists concerning the relative sequence of 
closure temperatures for several minerals. Von 
Blanckenburg et al., (1989) have for example exam- 
ined isotopic systems in an area where the P-T 
history is relatively well constrained and have com- 
pared a number of published closure temperature 
estimates for K-Ar and Rb-Sr isotopic systems. 
Williams et al. (1983) were also able to assess the 
relative significance of inherited zircon and Rb-Sr in 
granitoids by using K-Ar and Rb-Sr mineral data to 
constrain the age of emplacement of granitoids in 
southeastern Australia, where there has been no 
subsequent metamorphism to disturb isotopic sys- 
tems. In Archean terrains, such as the Abitibi belt of 
Canada, assessment of timing of deformation and 
gold mineralization may be difficult due to metamor- 
phic overprinting by subsequent events (Claoué- 
Long et al., 1990; Feng et al., 1992). 
In eastern Finland too, there is widespread evi- 

dence for reheating of the Archean basement during 

the early Proterozoic Svecofennian Orogeny. This is 
seen most clearly in K-Ar studies that show resetting 
of biotite ages, and in some cases hornblende (Kouvo 
and Tilton, 1966; Kontinen et al., 1992), but is also 
apparent in the Rb-Sr systematics of micas from 
several gold prospects within the Hattu schist belt 
(O'Brien et al., 1993a, this volume). Recrystallization 
of lower Proterozoic mafic dikes intruding the Hattu 
schist belt, and the greenschist facies mineral assem- 
blages recorded from autochthonous quartzite se- 
quences overlying the Archean basement (Kohonen 
et al., 1991) also pr.ovide independent evidence for 
the existence of such a thermal event. If the provi- 
sional results for trace lead in gold from the Ward 
deposit are meaningful, then it seems possible that 
this Proterozoic resetting may also extend to Pb 
isotopes, although it should be noted that none of the 
galena from Hattu schist belt prospects records such 
an event (Vaasjoki et al., 1993, this volume). 

Estimates for closure and resetting temperatures 
for K-Ar and Rb-Sr systems in biotite are around 
300-350°C (see von Blanckenburg et al., 1989) which 
broadly corresponds to the temperatures proposed 
for typical post-metamorphic mesothermal gold de- 
posits (Colvine et al., 1988; Groves et al., 1989). 
Therefore the rocks of the Hattu schist belt, which 
evidently record a post-mineralization metamorphic 
peak, in addition to this superimposed early 
Proterozoic reheating, are not amenable to K-Ar or 
Rb-Sr cooling history studies. Although some 
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Fig. 28. Vein systems at margin of Kuittila Tonalite at Kivisuo. 
a. Fracture orientations (black Iines), quartz veins (blue lines), tourmaline-bearing aplogranite dikes (green) and enclaves in plagioclasa 
porphyritic tonalite dike situated some 5 m from the western edge of outcrop in 28b. Diagram is oriented with top towards north. 
b. Fracture orientations (black lines), guartz veins (blue lines), many of which contain molybdenite, and extensional strike-slip shear mnes (6x1 
at contact between the Kuifiila Tonalite and mica schists at Kivisuo. Diagram is onented with top towards north. Green dike in mica schist is 
tounnaline-bearing aplogranite. 
c. Fracture onentations (black lines), quartz veins (blue) and tourmaline-bearing veins and fractures (green) in Kuittila Tonalite some 50 m east 
of outcrop in 28b. Biagramis oriented with top towards north. Two-dimensional analysis is probably inadequate forunderstscnding t k s e  systems. 
Note for instance how NE-trending fractures consistently displace veins with sinistral offsets, except in the case of the E-W trending vein at the 
top of the diagram. 

hornblendes from Archean rocks in eastern Finland Ilomantsi region. This observation is consistent with 
also record early Proterozoic resetting (Kontinen et the invariably Archean ages obtained by U-Pb dating 
al., 1992), this does not appear to be the case in the of titanite, particularly since the closure temperature 

8 8 
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E g .  29. Vein relationships in exploration trench at Kuittila. Q1 and 42 quartz veins both contain molybdenite and post-date w l y  
mafic dike or enclave M 1, now dtered to biotite-carbonate-quartz lithology. NE-trending barren 4 3  milky quartz veins apparently 
formed daring dextrai shear, consistent with small shear zones elsewhere in this outcrop, but a late sinistral component of brittle 
deformation is evident from theoffsets of the tourmaline vein T1. Diagram is otiented with top towards north. 

for this mineral is generally considered to be broadly 
similar to that of hornblende for the K-Ar system, at 
around 470-520°C (Tilton and Grunenfelder, 1968; 
Mattinson, 1978), although some markedly higher 
estimates do also exist (von Blanckenburg, 1992). 
Thus it is possible to place an upper limit on the 
Svecofennian thermal overprint and also to take the 
titanite data as recording the age of cooling through 
the 500" isotherm following the peak of regional 
metamorphism in the Hattu schist belt. In particular, 
the results for titanites from sample ASO-Ilomantsi 
suggest that this took place at about 2708 Ma, which 
is about 20 Ma younger than the zircon ages obtained 
for the same rock. 

Monazite from the Lukanvaara Leucogranite gives 
a rather similar date of 2696 Ma (Vaasjoki et al., 
1993, this volume), although interpreting the closure 
temperature for monazite is not as straightfonvard as 
for titanite. On the one hand studies of REE behavior 
during metamorphism indicate that monazite may 
crystallize as a metamorphic mineral in pelitic rocks 
where staurolite is stable (Smith and Barreiro, 1990), 
which would be in good agreement with the peak 
metamorphic assemblage recorded from the Hattu 
schist belt. However, several recent studies (Williams 
et al., 1983, Miller et al., 1992) suggest that monazite 
may, like zircon, in some cases show inheritance and 
survive temperatures in excess of 700°C. The heter- 

ogeneity of the zircon data from the Lukanvaara 
samples, and the composition of the rockin general, 
which suggests an S-type, or at least highly evolved 
1-type origin, may well make it a suitable candidate 
for containing inherited monazite (Sawka et al., 
1986). However, because the result is concordant, 
this would imply that the age is a maximum estimate 
for the time of emplacement of the Lukanvaara 
Leucogranodiorite. The intensely foliated and sheared 
nature of the margins of the pluton, with dynamically 
recrystallized quartz+microcline+biotite+muscovite 
+garnet assemblages nevertheless suggests that in- 
tmsion took place during and not after regional 
deformation and mineralization. 

The validity of this interpretation is very crucial 
with regard to both regional geological studies in 
general, and to gold investigations in particular, 
since it imposes a minimum age constraint on gold 
mineralization, at least within the Southern part of the 
Hattu schist belt. Meanwhile, an upper constraint on 
the age of gold mineralization in shear zones at 
Kuittila is provided by the U-Pb zircon age of the 
tonalite itself, which is 2747+10 Ma (Vaasjoki et al., 
1993, this volume). Mineralization in the Kuittila 
area was affected by dynamic recrystallization dur- 
ing D, deformation, with the formation of 
garnet+chlorite+biotitef staurolite assemblages in 
pelitic rocks, and ferro-actinolite+zoisite+plagioclase 
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Fig. 30. Granitoid rnicrostructures and alteration. a. Relict igneous texture in Kuittila Tonalite at Kuittila prospect (DDH-4244- 
R305-54.70 m), with evidence for sub-grain formation in biotite aggregates butretention of subhedral outlines of plagioclase laths 
in spite of extensive sausserite formation. Crossed polars. Field of view is approximately 12 mm in width. b. Section perpendicular 
to foliation and parallel to lineation in mylonitic Kuittila Tonalite from Talasaho. Note sinistral asymmetry of lenticular biotite 
crystals and recrystallized quartz aggregates, but absence of plagioclase, except for a single sausseritized and sericitized 
porphyroclast (pl). Crossed nicols. Field of view is approximately 12 mm in width. c. Quartz veins parallel and at a high angle to 
foliation defined by oriented sericite in hydrothermally altered Kuittila Tanalite from the Kuittila prospect (DDH-4244-R309- 
197.65 m). Plane polarized light. Field of view is approximately 7.5 mm in width. d. Same view as Fig. 30c with crossed nicols, 
showing recry stallization of quartz in buckled veins, well developed sericite foliation, and completely pseudomorphed grain (sf), 
probably after igneous plagioclase. Crossed nicols. Field of view is approximately 7.5 mm in width. e. Well-preserved primary 
igneous zoning, twinning and euhedral morphology of plagioclase phenocrysts in porphyry dike from Kerälänvaara, near western 
rnargin of Silvevaara Granodiorite. Groundmass in contrast showc evidence of recrystallization, with oriented biotite, deflecting 
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assemblages in mafic rocks, which thus imply post- 2700 Ma record slow cooling after this event, or an 
mineralization metamorphic temperatures around independent superimposed thermal pulse is still Open 
500°C. Whether the titanite andmonazite ages around to conjecture. 

Evidence for Proterozoic and snbsequent tectonism and metamorphism 
affecting the Hattu schist belt 

Brittle structures are characteristic of the upper 
cmst, although at deeper levels brittle deformation 
mechanisms may operate in a transient and episodic 
fashion, alternating with plastic modes of behavior, 
due to fluctuations in strain rate or fluid pressure. 
Therefore, it is reasonable to anticipate that the 
products of brittle deformation might have been 
superimposed on earlier structures in the Hattu schist 
belt, either during crustal uplift and cooling during 
the late Archean, or else during subsequent episodes 
of tectonic reactivation. Although there is little evi- 
dence on a macroscopic scale for extensive brittle 
overprinting or reworking in the Hattu schist belt, it 
is nevertheless important to examine the possibility 
in detail, in view of the evidence reviewed above for 
a widespread thermal event throughout the Hattu 
schist belt during the early Proterozoic; this may be 
of significance with respect to mineralization, or 
remobilization of mineral deposits. 

extensional direction. Thus they may be passive 
paleostress indicators (Cadman et al., 1993), track- 
ing the progress of early Proterozoic extension and 
rifting of the craton. No comprehensive petrophysical 
or geochemical studies of the dikes in the study area 
have been carried out, so that it is not yet possible to 
compare the dikes of the study area with the several 
swarms identified to the West in the Koli area by 
Vuollo et al. (1992). However, one dike at least can 
be traced over 60 km from Ilomantsi to the contact 
with the early Proterozoic sediments, and may there- 
fore represent a feeder related to the Koli layered 
intrusion (Kohonen and Marmo, 1992). Apparent 
negative anomalies may be due to higher than normal 
background country rock values, as in the case of the 
Silvevaara Granodiorite, or to a reversal in magnetic 
polarity during protracted emplacement of a single 
dike swarm. 

It is difficult to establish conclusively whether or 
not all of the linear and arcuate features evident in the 
Silvevaara Granodiorite can be attributed to dikes. A 

Structures related to e a r l ~  Proterozoic mafic common observation is that where magnetic anoma- 
dike emplacement lies are most intense, granitoids contain relict 

Inspection of Figure 4 indicates several distinct 
trends of mafic dike swarms, with evidence in the 
southern part of the Silvevaara Granodiorite that 
Trend d2 is truncates Trend dl.  Elsewhere however 
there overprinting relationships are not so evident, 
and the possibility of approximately coeval dike 
emplacement into Riedel extensional fractures should 
be considered. However, it is by no means certain 
that the dikes record emplacement during extensional 
shear, so that different trends might alternatively be 
interpreted as opening perpendicular to maximum 

pyroxene or hornblende, with magnetite, whereas 
elsewhere biotite-epidote assemblages are more char- 
acteristic. These assemblages are compatible with 
the estimates available from mafic dikes, overlying 
Jatulian and resetting of isotopic systems (Kontinen 
et al., 1992; O'Brien et al., 1993a, this volume; 
Vaasjoki et al., 1993, this volume). Therefore it is 
conceivable that domainal and focused fluid flow in 
the Archean basement could have taken place during 
the early Proterozoic, as well as post-intrusive and 
post-metamorphic cooling during the late Archean. 

around plagioclase phenocrysts. Some incipient recrystallization of plagioclase is apparent on surfaces athigh angles to albite-twin 
planes. Field of view is approximately 25 mm in width. f. Attrition of plagioclase phenocrysts in tonalitic porphyry dike by subgrain 
formation and possibly also microboudinage. Note lack of deflectian of biotite-pyrrhotite foliation around plagioclase grains. 
Crossed polars. (Mourinsuo DDH-4244-R321-14.35 m). Field of view is approximately 25 mm in width. g. Grain boundary 
migration of subgrains in quartz porphyroclast indicating dextral asymmetry in mylonitized porphyry dike from Korvilansuo 
(DDH-4244-R325-85.10 m). Nicol prisms obliquely aligned. Field of view is approximately 12 mm in width. h. Detail of quartz 
phenocryst in porphyry dike from Korvilansuo (DDH-4244-R376-PW90-1804-4), showing incipient formation of consistently 
subhorizontal elongate subgrains, withmore advanced recrystallization and evident grain boundary migration in domain above and 
to left of arrow. Crossed nicols. Field of view is approximately 5 mm in width. 



Geological Survey of Finland, Special Paper 17 
Peter Sarjonen- Ward 

Fig. 3 1. Relationships between veins, deformation and alteration- 
a. Episodic quartzvein formation and defarmation in sericitic tonalite from within auriferous shear zme at the Kuittila prospect. 
Note buckling of veins at upper right, with truncation by narrow veins in almost axial planar onentation. Approximately naturai 
size. Photograph by J. Vaätiiinen. 
b. Section perpendicular to that in 31a, showing angular and disoriented fragments of sencitic tonaiite and toumaline veins in 
quartz veins. Prese~ation of these textures implies that subsequent strain amount was relatively smail. Approximately natural size. 
Phatograph by J. Vaatäinen. 
c. Detail af 4 3  bmen milky quartz vein array (Vqm) shown in Fig. 29, showing at least three differentvein orientations that could 
be interpreted according to classical strike-slip theories as coeval If (main vein subparnllel to compass) and R (parallel ta dashed 
line) surfaces, followed by P surface fractures and velns (dternate dash-dot line). Overall kinematic sense is NE-dextsai, so that 
fault with apparent horizontal sinistral off~et  of toumaline vein (Vt) from f to f'may represent a distinctly younger went. Brunton 
compass diameter is 7 cm. 



Outcrop and microstructural evidence for 
Proterozoic deformation and recrystallization 

Of the two potential mechanisms for early 
Proterozoic deformation and reheating of Archean 
basement, burial beneath nappes thmst from the 
southwest during the Svecofennian orogeny seems 
mare likely than heating associated with crustal 
extension and mafic dike emplacement. However, 
distinguishing between late Archean and early 
Proterozoic brittle deformation or recrystallization is 
not straightforward. For example, cataclastic zones 
have been found that have a very fine-grained matrix 
in which biotite and epidote and quartz have crystal- 
lized and subsequently been deformed, but do not 
record any chemical interaction with clastic frag- 
ments (Fig. 32a). These could be either aresult of late 
stage deformation during progressive uplift and cool- 
ing of the Hattu schist belt in the late Archean, or 
alternatively they may relate to brittle failure of the 
foreland basement during the Svecofennian Orogeny . 

One approach to solving this problem is to exam- 
ine the textures of the early Proterozoic mafic dikes 
and their contacts. A common observation in the 
vicinity of the Hattu schist belt is that dikes greater 
than one meter in thickness tend to show chilled 
margins and retain primary igneous textures and, in 
some cases phenocryst mineralogy, although 
pyroxene has generally been replaced by amphibole 
(Fig. 32b). Narrower dikes are often converted to 
biotite-plagioclase schists and where lineations and 
foliations are well developed, seem to suggest a 
sinistral and east-side up (reverse or normal depend- 
ing on dike attitude) kinematic sense (Fig. 32c). 
These observations are consistent with the geometry 
and kinematic interpretation deduced for the Group 
5 structures of Ward (1987), which were the last 
major stage of progressive ductile deformation of the 
early Proterozoic cover sequence to the west of 
Kiihtelysvaara (Fig. 2). 

Metamorphic assemblages in pelitic rocks within 
the allochthonous Proterozoic units in that area in- 
clude garnet, staurolite and andalusite (Campbell et 
al., 1979; Ward, 1987), while quartzites and paleosols 
within the underlying autochthon characteristically 
contain greenschist facies quartz-sericite-kyanite as- 
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semblages (Ward and Kohonen, 1989; Kohonen et 
al., 1991), often displaying evidence for ductile de- 
formation and pressure solution (Fig. 32e). A nar- 
row, moderately dipping and probably fault-bound- 
ed synclinorial domain of early Proterozoic quartz 
arenites and arkose trending subparallel to the Hattu 
schist belt in adjacent Russian Karelia (Fig. 2) also 
has a greenschist facies mineralogy and a well- 
developed steep foliation (Fig. 32f; Y. Sistra and P. 
Sorjonen-Ward, unpublished data). These observa- 
tions, from areas both east and West of the Hattu 
schist belt, clearly demonstrate that during the 
Svecofennian Orogeny , the present erosion level was 
buried to depths approximating the brittle-ductile 
transition for quartz-rich lithologies. 

Very fine-grained prismatic hornblende and 
epidote also occur within mafic dikes, even where 
textures are otherwise well preserved. One of the 
most convincing examples of early Proterozoic 
metamorphic mineral growth accompanying 
recrystallization, at least on a local scale, was found 
in a narrow highly strained contact zone between a 
mafic dike and Silvevaara Granodiorite at Jokikangas 
(x = 6964, y = 4552 in Fig. 3). A narrow zone of 
dynamically recrystallized polygonal quartz and 
hornblende porphyroblasts has obliterated the origi- 
nal granodioritic fabric within a centimeter of the 
contact, but well formed hornblende porphyroblasts 
also overgrow this mylonitic foliation and extend 
into the foliated chilled margin of the dike (Fig. 32d), 
attesting to relatively high temperatures during 
deformation. Given the evidence for dynamic 
recrystallization, it is unlikely that these textures 
represent frictional melting at the margin of the dike 
during its emplacement (Techmer et al., 1993; K. 
Techmer, pers. comm., 1993). 

The above observations are consistent with the 
evidence reviewed earlier concerning the resetting of 
K-Ar and Rb-Sr biotite mineral ages (Kouvo and 
Tilton, 1966,; Kontinen et al., 1992, O'Brien et al., 
1993a, this volume). This could in principle have 
implications regarding the possibility of early 
Svecofennian remobilization or even introduction of 
gold, particularly since conditions during Proterozoic 
reheating evidently coincided with those considered 

d. Further detail of vein array shown in Figs. 29 and 3 1c showing deformation of proposed R-surface vein in lower part of photo, 
with displacement parallel to putative P surface vein (parallel to dash-dot line). Brunton compass diameter is 7 cm. 
e. Penetrative S-C fabric with sinistral sense across hydrothermally altered tonalite and quartz veins at the westem margin of the 
Viluvaara Grwodiorite north of the Rlmepuro prospect at Keskijoensuu. Brunton compass diameter is 7 cm. 
f. Detail of veined and silicified hydrothermally altered zone at margin of Viluvaara Granodiorite at Koivukallio, shown in Fig. 27. 
Note abrupt change in degree of alteration on either of the thick quartz vein. Brunton compass diameter is 7 cm. 
g. Multiple laminar tourmaline-quartz-feldspar veins cutting across Tasanvaara Tonalite and earlier aplitic vein at Hoskola; note 
dextral strike-slip deformation of tourmaline vein as well to left of compass. Brunton compass diameter is 7 cm. 
h. Rusty hydrothermally altered Kartitsa Granite (coarse augen-like material) and possible metagraywacke enclaves (finer material 
at upper left and lower right) af Hoskonlampi. 
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Fig. 32. Post-Archean structures. 
a. Pseudotachylyte at contact between glassy quartz vein and mica schist at Muurinsuo (DDH-4244-R321-32.90 m). Note angular 
disrupted fragments of quartz and finely developed and kinked foliation of layer silicates at K. Crossed nicols. Field of view is 
approximately 5 mm in width. 
b. Well-preserved primary igneous texture and mineralogy in early Proterozoic pyroxene-bearing dolerite dike at Ilomantsi. 
Crossed nicols. Field of view is approximately 5 mm in width. 
c. Sharp contact between Archean granite (gr) and foliated biotite-rich early Proterozoic mafic dike that is recrystallized to biotite 
schist at margin, with foliation (Sp) having attitude consistent with oblique sinistral shear. 
d. Dynamically recrystallized mylonite 1 cm in thickness at contact between early Proterozoic mafic dike and hornblende-bearing 
Silvevaara Granodiorite at Jokikangas. Note tiny rosettes of homblende nucleated upon plastically deformed larger grains within 
narrow band across center of photograph. Note also polygonal recrystallization of quartz and large idioblastic hornblende at top 
center, overprinting mylonitic foliation. Crossed nicols. Field of view is approximately 12 mm in width. 
e. Well-developed subhorizontal pressure-solution foliation with S-C geometry in pebbly sericite quartzite at base of early 
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characteristic of mesothermal gold deposits (Colvine 
et al., 1988; Groves et al., 1989). However, there is a 
lack of tangible evidence for either gold mineraliza- 
tion or significant hydrothermal alteration within 
any of the late brittle or brittle-ductile structures 
identified within the Hattu schist belt (Figs. 23g,h 
and 32a,c,d). 

Further evidence against extensive remobilization 
comes from the invariably Archean lead isotopic 
compositions of galena from various gold prospects 
within the Hattu schist belt (Vaasjoki et al., 1993, this 
volume). This contrasts with results from the 
tectonically analogous foreland to the Caledonian 
Orogen in northem Norway and Sweden, where 
evidence exists for exchange of lead between base- 
ment and rnineral deposits in the cover sequence 
(Romer, 1992). Furthermore, Proterozoic lead ages 
have also been obtained from the late Archean Norse- 
man-Wiluna belt in the Yilgarn Craton (Browning et 
al., 1987; Perring and McNaughton, 1990), where 
gold mineralization is unquestionably late Archean 
in age (Clark et al., 1989). 

Neotectonics and Quaternary faultjng 

Quaternary glaciation and related sedimentary 
processes and deposits in the Ilomantsi region have 
been reviewed by Nenonen and Huhta (1993, this 
volume). This section therefore is only concemed 
with documenting recently foundevidence for small- 
scale faulting that demonstrably post-dates the last 
stage of deglaciation. This is clear from offsets ob- 
served in striated glacial pavements (Fig. 32g,h), 
which therefore constrains their age as being less 
than 9000 years before present. None of the faults 
documented so far show vertical displacements in 
excess of 10 cm, nor has any evidence been found for 
deformation of Quaternary sediments, or variations 

in thickness of Quaternary sediments across active 
faults (Nenonen and Huhta, 1993, this volume). 

Fault orientations and sense of displacement ap- 
pear to be quite variable. Common examples within 
anisotropic sedimentary sequences in the Hattuvaara 
and Kuittila Structural Domains, at the Muurinsuo 
gold prospect (Fig. 10) and at Kelkka-aho (Fig. 32g, 
x = 6973, y = 4563 in Fig. 9), show small strike- 
parallel faults with at least some reverse component. 
Other faults with irregular and curving orientations 
have been observed in both tonalites and sediments, 
as at Palovaara (Fig. 32h, x = 6973, y = 4563 in Fig. 
9). This shows that faulting was not everywhere 
controlled by pre-existing weaknesses and anisotropy . 

Post-glacial faults have not been widely reported 
from southem Finland, although their existence has 
long been known in northern Finland and Sweden 
(Kujansuu, 1964; Talbot and Slunga 1989). Studies 
of seismicity and fracture systems in Sweden (Talbot 
and Slunga 1989) have revealed distinct domains of 
stress distribution that may reflect a response to far- 
field forces related to sea-floor spreading in the 
North Atlantic ocean and plate convergence in south- 
ern Europe. Transform and transfer faults within the 
Barents Sea and North Atlantic have not been traced 
definitively into the Fennoscandian Shield, but the 
prominent northwest trending lineaments through- 
out the shield could have high potential for reactiva- 
tion (cf. Etheridge, 1986). Thus it is possible to 
speculate that stress release in southeastem Finland 
might have reflected interaction between isostatic 
rebound following deglaciation and sustained far- 
field forces, accomrnodated by displacements along 
such fracture zones. If an anastomosing network of 
strike-slip segments existed, then alternating do- 
mains of compression and extension might be ex- 
pected, with the northerly trending reverse faults 
observed in the Hattu schist belt being appropriate in 
both orientation and sense of displacement. 

Proterozoic cratonic cover sequence at Koli, some 40 km northwest of the western margin of the Hattu schist belt. 
f. Vertical pressure-solution foliation (Sp) developed in early Proterozoic pebbly quartz-arenites within the fault-bounded 
Kuuksenvaara Synclinorium in Russian Karelia, some 30km east of the Hattu schist belt (Fig. 2). 
g. Post-glacial dip-slip faults parallel to Archean lithological layering stepping up westwards and truncating glacial striae trending 
300°, parallel to compass, Kelkka-aho. 
h. Small post-glacial fault in metaturbidites at Palovaara clearly truncates striations on glaciated pavement. 
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EVIDENCE FOR T H E  TIMING O F  
G O L D  MINERALIZATION I N  T H E  HATTU S C H I S T  B E L T  W I T H  RESPECT 

T O  METAMORPHISM A N D  DEFORMATION 

Considerable emphasis is currently being given to 
the structural setting and history of gold deposits in 
general and Archean mesothermal deposits in partic- 
ular (see Groves and Phillips, 1987; Colvine et al., 
1988; Hodgson, 1989a,b; Kerrich, 1989a,b; Poulsen 
and Robert, 1989). This is partly due to the recogni- 
tion that large volumes of fluid are involved in 
rnineralization processes (Boulteret al., 1987;Kerrich, 
1989a, Kerrich and Fyfe, 1988), and that certain 
types of structures may be significant, both in en- 
hancing rock permeability and in providing favour- 
able sites for ore deposition (Cox et al., 1987; Sibson 
et al., 1988). This argument receives indirect confir- 
mation from studies of fluid compositions within 
gold deposits and of gangue mineral assemblages 
which indicate that mineralizing fluids are generally 
not in equilibrium with their surroundings and are 
thus of exotic, rather than local origin (Groves and 
Phillips, 1987; Perring et al., 1987; Kerrich and Fyfe, 
1988; Kerrich, 1989b; Ho et al., 1992). This therefore 
requires that structures do not merely enhance and 
focus fluid flow on a local scale, but that they form an 
effective network which may be of regional dimen- 
sions. 

As a result of such intensive studies, a widespread 
consensus has been reached concerning the condi- 
tions and timing of gold mineralization. This has 
been based particularly on studies in the Abitibi and 
Norseman-Wiluna Belts, where the most important 
ore deposits appear to have formed under greenschist 
facies conditions and post-date the peak of regional 
metamorphism (Groves and Phillips, 1987; Colvine 
et al., 1988; Kerrich, 1989a). Recently however, 
there has been some dissension from this view, and it 
has been argued that wall-rock alteration and gold 
mineraiization can be in textural and thermodynamic 
equilibrium with amphibolite and even granulite 
facies metamorphic assemblages (Barnicoat et al., 
1991; Mueller and Groves, 1991; Witt, 1991). In 
addition, theoretical analyses of thermotectonic evo- 
lution during orogenesis have shown that the relative 
timing between magmatism, metamorphism and rnin- 
eralization at different crustal levels may be quite 
variable (Stuwe et al., 1993). 

The Hattu schist belt presents an obvious dilemma 
in this regard since in general, sulfide mineral 
parageneses appear to correspond to temperatures 
lower than those inferred and calculated from silicate 
mineral porphyroblasts (Kojonen et al., 1993, this 
volume). One way of resolving this apparent discrep- 
ancy in the Hattu schist belt is to interpret minerali- 
zation as having formed under greenschist facies 

conditions, consistent with sulfide mineral para- 
geneses (Kojonen et al., 1993), followed by a subse- 
quent metamorphic overprint. Thus it is not neces- 
sary to invoke deposition of gold at temperatures 
beyond the normal range at which sulfidation-domi- 
nated reactions are believed to take place (Mueller 
and Groves, 1991), nor to appeal to a later deform- 
ational event for which there is at present, no compel- 
ling evidence. 

If this possibility is accepted, then the Hattu schist 
belt is rather atypical; very few examples of meta- 
morphosed mesothermal gold deposits have been 
published and of these the Big Bell deposit in the 
Murchison Province of Western Australia (Phillips 
and de Nooy, 1988) has recently been reinterpreted 
as a post-metamorphic deposit (Wilkins, 1993). Un- 
fortunately, no inclusions of gold have yet been 
found within garnet porphyroblasts in the Hattu 
schist belt. However, metallic bismuth which, on the 
basis of rock geochemical studies (Bornhorst and 
Rasilainen, 1993, this volume; Rasilainen et al., 
1993, this volume), appears generally to be closely 
associated with gold, has been recorded from garnet 
at the Kelokorpi prospect (Kojonen et al., 1993, this 
volume). Even if gold inclusions were found, it 
would not necessarily mean that they predate 
porphyroblast growth, if for instance it could be 
demonstrated that inclusions occur along discrete 
planes that result from episodic fracturing and heal- 
ing of late-stage micro-cracks. Wilkins (1993) has 
indeed appealed specifically to this process at the Big 
Bell mine, in order to explain the presence of gold 
within porphyroblasts that Phillips and de Nooy 
(1988) had previously interpreted as demonstrating 
that gold was introduced prior to the metamorphic 
peak. In spite of the similarities in alteration assem- 
blages, including widespreadreplacement by sericite 
(Wilkins, 1993, the Hattu schist belt nevertheless 
may contrast with Big Bell in having widespread 
evidence for deformation and dynamic recrystalliz- 
ation of altered lithologies. 

Alternatively, instead of invoking a superimposed 
metamorphic event unrelated to mineralization, the 
possibility of synmetamorphic deposition of gold 
under higher PT-conditions may be considered. At 
present there are few constraints on the timing of 
gold mineralization in the Pampalo Structural Do- 
main. Although it does appear that the structures 
controlling the distribution of gold are relatively late, 
post-dating the main stage of deformation within the 
Juttuhuuhta Contractional Duplex, brittle-ductile 
mylonitic shear zones containing gold clearly show 



both dynamic recrystallization and overprinting re- 
lationships with respect to biotite and tremolite. 

Evidence from the Ramepuro prospect is also 
equivocal in this regard, although it is clear that 
mineralization there is hosted by narrow, strongly 
sheared zones within the tonalite dike and adjacent 
schists and therefore post-dates dike intrusion. Fur- 
thermore, quartz-tourmaline-sulfide veins within the 
tonalite dike are deformed and recrystallized, with 
the geometry of dilation and buckling of veins being 
consistent with a sinistral D, shear sense, thus sug- 
gesting that mineralization took place during 
ductile deformation. Ojala (1988) described garnet 
porphyroblasts containing tourmaline inclusions but 
because it is possible that tourmaline has crystallized 
and recrystallized at various stages, it is difficult to 
argue convincingly that garnet growth postdated 
gold mineralization. 

As discussed earlier, it is the Kuittila Structural 
Domain which provides the most compelling evi- 
dence that dynamic recrystallization, porphyroblast 
growth and ductile deformation accompanied and 
outlasted gold mineralization. However, even this 
interpretation is contingent upon the introduction of 
gold having been exclusively and intimately associ- 
ated with the hydrothermal alteration recognized in 
these rocks, with a further caveat being that the 
replacement of andalusite by sericite is also, at least 
in part, a result of fluid flow. Overall major element 
mobility associated with gold mineralization in the 
Kuittila Structural Domain has been relatively minor 
(Bornhorst and Rasilainen, 1993, this volume; 
Rasilainen et al., 1993, this volume), with potassium 
enrichment being particularly difficult to assess be- 
cause of the originally high abundances of this ele- 
ment in the predominant mica-rich host rocks. How- 
ever the abundances of certain trace elements closely 
image gold enrichment trends (Rasilainen et al., 
1993, this volume) and the presence of these ele- 
ments within accessory minerals (Kojonen et al., 
1993, this volume), occurring either as inclusions 
within porphyroblasts, or as separate grains in tex- 
tural equilibrium with dynamically recrystallized 
metamorphic assemblages, provides some basis for 
claiming that gold mineralization either predated or 
broadly accompanied peak metamorphism. The ar- 
gument is further strengthened by empirical observa- 
tions and analyses that reveal the presence of gold in 
highly strained zones devoid of overprinting and 
retrograde brittle-ductile structures, and the absence 
of gold from any such brittle-ductile zones that might 
be present. 

Given the number of prospects recognized through- 
out the Hattu schist belt, it is also natural to consider 
whether they share the same broad geological char- 
acteristics, and whether they are all genetically re- 
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lated to each other. Further fundamental questions 
include whether or not the various prospects recog- 
nized in the Hattu schist belt are essentially synchro- 
nous products of a single large scale mineralization 
event and whether major structural zones that might 
have focused mineralization can be recognized. At 
present there are no geological or isotopic criteria 
that might indicate the existence of several distinct 
episodes of mineralization in the Hattu schist belt. In 
fact the only absolute time constraints on mineraliza- 
tion are that gold in the Kuittila Structural Domain 
post-datethe intrusion and solidification of the Kuittila 
Tonalite, but predate the thermal metamorphic peak 
recorded by widespread dynamic recrystallization 
and porphyroblast growth; U-Pb zircon data indicate 
that the age of the Kuittila Tonalite is 2747+10 Ma, 
while a minimum age for metamorphism is provided 
by concordant U-Pb titanite and monazite ages be- 
tween 2693 Ma and 2708 Ma (Vaasjoki et al., 1993, 
this volume). 

Attempts to date mineralization directly using 
rutile and baddeleyite have so far been unsuccessful 
and no hydrothermal zircon has yet been found. If 
deformation were progressive and to some extent 
diachronous, then it becomes difficult, if not mean- 
ingless to attempt to establish an absolute sequence 
of mineralization events by correlation of overprint- 
ing structures throughout the entire schist belt. Fur- 
thermore, if it is valid to extrapolate the Kelokorpi 
Shear Stnictural Domain northwards from the Kuittila 
Structural Domain to link up with the high-strain 
zone trending parallel to the eastern margin of the 
Tasanvaara Tonalite, as shown in Figs. 6 and 9, then 
deformation of the Juttuhuuhta Contractional Du- 
plex, and by implication, gold deposition within the 
Pampalo Structural Domain (Fig. 6), must have been 
approximately coeval with that in the Kuittila Struc- 
tural Domain. 

The question as to whether the metamorphic 
recrystallization in the Hattu schist belt was dne to a 
separate event, or prolonged progressive prograde 
metamorphism buffered thermally by variations in 
fluid flow remains unresolved and requires further 
isotopic studies. At this stage it is nevertheless pos- 
sible to comment on the inferred duration of sus- 
tained metamorphic conditions that the above iso- 
topic dates imply. A period of 40-50 Ma bracketing 
pluton emplacement and cooling through the 
amphibolite-greenschist facies transition may not be 
unreasonable when considering the thermal history 
of tectonically thickened granitoid-dominated ter- 
rains. However, such a prolonged period of time 
might be difficult to reconcile with the regional and 
microstructural geometric evidence and kinematic 
interpretations that favor a progressive style of de- 
formation within the Hattu schist belt. Therefore, it 
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would obviously be of great significance to more 
precisely constrain the timing of gold rnineraliza- 
tion. If the present progressive kinematic interpreta- 
tion is correct, with the Kuittila and Tasanvaara 
Tonalites effectively being emplaced after the initi- 
ation of the Pihlajavaara Anticline, but during pro- 
gressive D, tightening, shearing and refolding of D, 
structures, then microstructural evidence from the 
Kuittila Structural Domain would favor gold miner- 

alization having taken place nearer to 2740 Ma than 
2700 Ma. However, should the intmsive ages of the 
Viluvaara Granodiorite and the Naarva and 
LukanvaaraLeucogranites be established as distinct- 
ly younger than those of the Kuittila and Tasanvaara 
Tonalites, this would allow both gold mineralization 
and D, deformation to be somewhat younger, bnt 
would still not be at variance with field and 
microstructural relationships. 
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U-Pb mineral data from 22 different rocks and Pb-Pb data from 9 gold and 
base metal prospects are presented. 

The data indicate that continental crust up to 3.1-3.2 Ga supplied a limted 
amount of detritus to Hattu schist belt sediments and was also present in the 
source region of some of the granitoids that intruded the schist belt. However, 
most of the Hattu schist belt sediments represent reworking of penecon- 
temporaneous volcanogenic deposits, whose age is relatively precisely con- 
strained at 2.76-2.75 Ga. 

Granitoids were intruded immediately after the cessation of, if not during 
volcanic activity within the Hattu schist belt. It is concluded that the precision 
of zircon age determinations from several of the granitoids allows a time 
sequence to be proposed, even though mutual intrasive relationships cannot be 
established in the field. Thus the Pogosta Granodiorite is likely to be margin- 
ally younger than the Tasanvaara Tonalite and Oinassalmi Quartz diorite, 
while the Silvevaara Granodiorite may be still older, and statistically indistin- 
guishable in age from the oldest dated supracrustal units. Since no field 
evidence exists to suggest that any of these intrusions were pretectonic, rapid 
and extensive crustal generation and deformation between 2.76-2.73 Ga is 
implied. 

Common lead analyses suggest that syngenetic stratabound ores formed 
during the volcanic phase, but that lead isotopic compositions of mesotherrnal 
gold mineralizations were subsequently altered by in situ decay of uranium 
and thorium to lead. Data from small prospects are less coherent and some of 
the local till anomalies are derived from sundry vein mineralization. It is clear 
that lead isotopic analyses may be successfully used as a discriminator when 
prospecting for gold within the Archean terrain of east Finland. 

The Pb-Pb age estimate derived from the Kuittila gold prospect, 2700+_75 
Ma, overlaps - with the exception of the 3100 Ma zircons from certain 
granitoids - all events so far dated in the Ilomantsi area. The age of the Kuittila 
Tonalite (2745I10 Ma) places an upper age limit on the timing of gold 
mineralization, while monazite and titanite ages around 2700 Ma are consid- 
ered to indicate the onset of cooling following a post-mineralization metamor- 
phic event. 
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INTRODUCTION 

The earliest geological studies of the Ilomantsi 
region, which includes the dominantly 
metasedimentary Hattu schist belt, date back to the 
works of Frosterus (1902) andFrostems and Wilkman 
(1920, 1924). It is a tribute to these early studies that 
the volcanic and sedimentary sequences at Ilomantsi 
were already recognized as belonging to an extensive 
basement complex distinctly older than the Karelian 
sedimentary succession, which is of similar meta- 
morphic grade and outcrops some tens of kilometers 
to the West (Fig. 1). The Archean nature of this 
basement complex was subsequently established by 
the studies of Wetherill et al. (1962) and Kouvo and 
Tilton (1966) and since then numerous investiga- 
tions have been carried out, using a variety of isotop- 
ic systems (cf. Vaasjoki, 1988 and references there- 
in). Data from the Ilomantsi area in particular have 
been reported by Kouvo and Tilton (1966), Patchett 
et al. (198 l), Nurmi and Ward (1989), Vaasjoki et al. 
(1989) and Sorjonen-Ward and Claoué-Long (1993). 

In contrast to the situation in many other shield 
areas, such as Canada and Australia, Archean 
greenstone belts within the Fennoscandian Shield 
have been considered to be notoriously deficient in 

mineable mineral deposits. However, during the past 
decade, conscientious efforts by the Geological Sur- 
vey of Finland and several private exploration outfits 
have sought to remedy this problem. As a conse- 
quence further isotopic sampling has been carried 
out in conjunction with regional mapping and the 
Ilomantsi Gold Project, along with reanalysis of the 
remaining fractions of previous sarnples whenever 
an improvement in analytical techniques has made it 
feasible (see Vaasjoki et al., 1991). The current 
interest in the genesis and timing of the gold miner- 
alization in the Ilomantsi area makes it both neces- 
sary and timely to present a summary and review of 
the isotopic work carried out in the district and a 
discussion of its implications in deciphering the 
geological history of the region. In addition, the role 
of isotope studies in an explorational sense is exam- 
ined, with specific applications to identifying specif- 
ic types of gold and base metal mineralization. As the 
title indicates, this paper deals specifically with U-Pb 
mineral and Pb-Pb studies; the results of Nd-Sm and 
Rb-Sr investigations, and their significance with 
respect to petrogenesis and thermal history are re- 
ported elsewhere (O'Brien et al., 1993, this volume). 

GEOLOGICAL SETTING AND SAMPLE MATERIAL 

The geology of the Ilomantsi area has been dealt 
with in detail in earlier maps and publications 
(Lavikainen, 1973,1975 and 1986; Nurmi and Ward, 
1989; Vaasjoki et al., 1989) as well as in other papers 
in this volume (Sorjonen-Ward, 1993; Nurmi et al., 
1993). Therefore it is sufficient to state here that the 
region consists of a typical Archean granite- 
greenstone terrain in which predominantly tonalitic 
and granodioritic intrusions intruded a sediment- 
dominated supracrustal sequence. It should be em- 

phasized that no depositional basement has been 
recognized in the field, nor has any internal structural 
break or unconforrnity been recognized within the 
supracrustal succession. All contacts between 
granitoids and metasediments are intrusive, or 
tectonically modified. Primary depositional features 
such as grading and current-bedding are commonly 
preserved in sediments and have enabled the geom- 
etry of regional structures to be established fairly 
confidently (Sorjonen-Ward, 1993, this volume). It 
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ISW is therefore in principle possible to independently 
assess the relative age relationships between at least 
some of the samples. 

Gold mineralization tends to occur either as dis- 
persed disseminations with sulfides in deformed and 
hydrothermally altered schists, or within more sharp- 
ly defined shear and ductile fault zones that deform 
both schists and intrusive granitoids. The only base 
metal mineralization exarnined so far is a Ag-Pb-Zn 
target at Riitasuo, which is hosted mainly by fine- 

Qranltoids, prinoipelly grained felsic volcanic rocks disrupted by apophyses 
inclusion-free 
bioflte tonalites m"" of the Tasanvaara Tonalite (Fig. 2). Microstructural 

studies indicate that a phase of syntectonic to late 

R Ccarse claatio awdlments, tectonic porphyroblast growth overprints gold min- 
Including p0lymlCtiO 
amglcmerateo eralization and therefore it is desirable that this event 

also be dated, if at all possible. 

\\O Thcleiitic lava*, pyroclastics 
and dclerite ~111s So far, twenty two volcanic, sedimentary and 

intrusive samples have been collected and analyzed 
in order to gain an insight into the overall depositional 

Ben0 
and intrusive history of the region. Descriptions of 
the samples and their geological context are given 
below. 

Fig. 2. Schematic geological map of the northern part of the Hattu 
schist belt, illustrating the possible reIative stratigraphic positions of 

(1916 supracrustal samples. 

Samples from granitoid intrusions 

ASO-Ilomantsi intrusion more than 200 km2 in area flanking the 

This sample consists of a moderately foliated but western margin of the Hattu schist belt (Fig. 1). 

rather homogeneous medium-grained biotite 
granodiorite to quartz-monzodiorite (Fig. 3b) and 
contains no visible enclaves, but is traversed by A200-Pulkinsarkat and A222-Lnkanvaara 

epidote veinlets that formed either during cooling Öf Both these samples represent the Lukanvaara 
the rock or alternatively during early Proterozoic Leucogranite, which is a medium- to coarse-grained 
reheating. The sample was taken from the central rock felsic unit effectively defining the southeastern 
part of the Pogosta Granodiorite, which is an arcuate margin of the Hattu schist belt (Fig. 1). The granite 

Fig. 3. Intrusive rocks. 
3a. Well-preserved primary euhedral plagioclse phenocrysts in porphyry dike from Vehkavaara. 
3b. Photomicrograph of Pogosta Granodiorite sample A50. Although in outcrop the rock appears to be only madgrately foliated, tbare has been 
considerable dynamic recrystallization of plagioclase, indicated by subgrain formation and baundary migration, as well as of quattz and biotite 
aggregates. 
3c. Typical micrmtructun: ef highly recrystallized hornblende-bearing Silvevaara Franodiorire at Huuhtiniemi. Note polygonal mosaic of small 
quartz gains and serrated subgrain boundaries near q and large poikilitic microcline at lower left. 
3d. Deformed intrusive contact of Kuittila tonalite with mica schists at Kivisuo. Vety few apophyses of tonalite occur in the schists and conversely, 
very few enclaves af country rock have been found in the tonalitein this region, which includes the locality from which sample A28S-Teponsärkka 
was takeh. 
3e. Typical medium-grained Kuittila Tonalite at Kivisuo. 
3f. Porphyritic dike exposed some 10 m to the West (left) of the schists inng. 4d, from which sample A1095-Kivisuo was taken. Note enclave 
of darkm materia1 with scattered quartz phenocrysts, more consistent with being an earlier crystaiilzed phase af the dike than a country-rock 
fragment in which porphyroblasts have grown. 
3g. Porphyritic diie intnided obliquely across, but not necessarily predating foliation in metagraywackes at Linnansuo (Sample A1155- 
Linnansuo). 
3h. Photograph of part af large (>25 m3) glacial erratic consisting of raunded tonalitic enclaves in highly deformed biotite-rich matrix,superficially 
resembling conglomerate. Sample A309-Korvilansuo. 
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consists principally of microcline, oligoclase and 
quartz with small amounts of biotite, muscovite and 
and occasionally garnet and tourmaline. Accessory 
minerals are epidote, apatite, zircon and monazite. In 
outcrop the rock is often intensely foliated, with 
well-developed S-C mylonites and in some places 
folded layering concordant with that in 
metasedimentary enclaves. Pegmatite apophyses 
appear to have been intruded and deformed during 
progressive D, shear along the pluton margin. High- 
temperature dynamic recrystallization of microstruc- 
tures is indicated by polygonal grain boundaries in 
quartz-biotite-muscovitekgarnet mosaics. 

usually exhibit good evidence of recrystallization in 
most samples examined from this intrusion (Fig. 3c). 
The nearest exposures obliquely across strike show 
alternating highly deformed dikes parallel to the 
contact with micaceous sediments in which relict 
lithological layering is still discernible. A population 
including some of the largest and densest zircons 
from this sample have also been dated using the 
SHRIMP ion microprobe (Sorjonen-Ward and 
Claoué-Long, 1993). 

This sample is from near the eastern margin of the 
Pogosta Granodiorite (Fig. 1) and differs somewhat 
from A50 in being a characteristically gray, 

This sample comes from very close to the western leucocratic granodiorite consisting predominantly of 
margin of the Kuittila Tonalite, which is a small (ca. well-aligned hypidiomorphic plagioclase and potas- 
12 km2) lenticular pluton intruded into the southern sium feldspar crystals, polycrystalline quartz, epidote 
part of the Hattu schist belt (Fig. 1). The tonalite is and biotite. The plagioclase is often altered to 
typically medium-grained and foliated (Fig. 3d and saussurite or sericite. Accessory minerals include 
e) and consists predominantly of plagioclase, quartz titanite, which is relatively plentiful, chlorite, opaques 
and biotite with some potassium feldspar, while and zircon. 
zones subjected to syntectonic hydrothermal altera- 
tion contain sericite and carbonate commonly with 
saussuritized plagioclase. Even where the rock ap- 
pears little deformed in hand specimen, microscopic 
Studies usually reveal that quartz and biotite have 
dynamically recrystallized to mosaics of subgrains, 
often themselves strained, while plagioclase exhibits 
both brittle and crystal-plastic deformation. Extreme 
examples also occur at Teponsarkka where the orig- 
inal fabric has been sheared to a fine grained, but 
recrystallized ultramylonite. Hornblende has not been 
found and biotite characteristically shows dark brown 
to olive green pleochroism. Apatite, zircon and 
opaques occur as accessory minerals. Very few en- 
claves are found within the Kuittila Tonalite (Fig. 3d 
and e), although metasedimentary septa between 
tonalite dikes are typical of the southwestern margin 
of the pluton. 

A284-Lehtovaara 

This sample was collected from within a few tens 
of meters of the contact between the Silvevaara 
Granodiorite and metasediments of the Hattu schist 
belt (Fig. 1). In spite of this, poikilitic K-feldspar 
phenocrysts up to 5 cm across, some with concentri- 
cally aligned zones of mica inclusions, appear to be 
equally as common as elsewhere in the pluton. The 
rock here is fairly rich in biotite, which sometimes 
forms aggregates up to 1 cm across and quartz and 
plagioclase are medium-grained. Grain boundaries 

This is a hornblende bearing variant of the 
Silvevaara Granodiorite, although biotite is still the 
dominant mafic phase. K-feldspar phenocrysts 3-5 
cm in size are fairly common, with the rock otherwise 
being rather homogeneous and medium-grained (see 
Fig. 3c). The sample site is several kilometers from 
the northwestern margin of the pluton and no obvi- 
ous enclaves were discernible in outcrop. The rock 
contains apervasive, though not intense foliation and 
in thin section exhibits extensive recrystallization 
features (see Fig. 3c). 

The sample comes from a narrow tonalitic dike 
intrnded between a graywacke and biotite-rich 
granofels near the contact between the Hattu schist 
belt and the Viluvaara Granodiorite (Fig. 1). The 
tonalite dike is weakly porphyritic and in places 
altered with abundant sericite and tourmaline. Tour- 
maline-quartz veins are also common and show com- 
plex deformation features. Deformational fabrics 
indicate that the tonalite was intruded early during 
the structural history, but before the main develop- 
ment of S, foliation. The tonalite dike is closely 
associated with gold mineralization (Pekkarinen, 
1988). 
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A1078-Oinassalmi contact indicates that deformation outlasted tonalite 

This is from a relatively mafic pluton, probably a emplacement and in many places the tonalite is 

quartz diorite, with a distinct textural alignment of strongly deformed and recrystallized. 

feldspar as well as biotite. Oinassalrni is some dis- 
tance southeast of the Hattu schist belt (Fig. l), so 
that the extent of this intrusion and its exact relation- 

A1309-Korvilansuo 

ship with other units has not been established. This sample is from an unusnally large glacial 
erratic situated on sandy hummocky moraine near 
the western margin of the Kuittila Tonalite. The rock 

A1094-Tasanvaara is strongly deformed and at least superficially resem- 

In outcrop the Tasanvaara Tonalite resembles the bles a conglomerate with large rounded biotite tonalite 

Kuittila Tonalite and its structural setting is also fragments in a finer-grained and intensely foliated 

analogous (Fig. 1). It is generally medium-grained matrix (Fig. 3h). However, since no conglomerates 

and foliation is defined by biotite; hornblende has not in the region are known to contain such an abundance 

been identified. The Tasanvaara Tonalite has intrud- of tonalite clasts, the alternative interpretation, namely 

ed along the eastern limb of the Pihlajavaara Anti- a deformed intrusive breccia within the Kuittila 

cline and therefore postdates the earliest deformation Tonalite, is currently favoured. 

in the region (Fig. 2). Mylonite formation at the 

Samples from porphyritic dikes 

This represents a porphyritic tonalite dike intru- 
sive into mica schists. It contains abundant plagioclase 
phenocrysts and has a schistosity defined largely by 
muscovite foliae. The fine-grained groundmass con- 
sists of plagioclase, quartz, biotite and muscovite, 
with accessory minerals including two generations 
of apatite, zircon and opaques. The dike here is 
relatively wide (5-20 m) and clearly discordantly 
cuts across the mica schists. 

relationships are unknown (see Fig. 3d). Most of the 
dike is richin plagioclase phenocrists, with scattered 
vitreous bluish quartz crystals (Fig. 3f). In thin sec- 
tion it is apparent that the rock is highly deformed, 
with dynamic recrystallization of quartz into orient- 
ed aggregates of subgrains and in some cases com- 
plete recrystallization of feldspar to fine-grained 
mica and quartz lenses. Enclaves of finer-grained 
rock occur, usually containing scatteredphenocrysts, 
and some may have been derived from disruption of 
earlier crystallized parts of the magma rather than 
country-rock sediments. 

A1155-Linnansuo 

This sample is from a narrow (ca. 30 cm) A282, A301 and A338-Vehkavaara 
plagioclase porphyric tonalite dike, which cuts ob- 
liquely across schistose graywackes (Fig. 3g) within 
the Kovero area (Fig. 1). The dike is chloritic and 
strongly lineated, with a moderately well-developed 
asymmetric S-C fabric and contains numerous en- 
claves, such that it resembles the Kivisuo dike (see 
Fig. 30. Although in some respects sirnilar to the 
Iknonvaara dike (A223), it contains biotite rather 
than muscovite. 

Dikes at Vehkavaara intrude NE-trending mafic 
volcanics exposed near the western margin of the 
Silvevaara Granodiorite (Fig. 1). Geophysical anom- 
alies suggest that these volcanics can be correlated 
with similar lithologies interpreted to stratigraphically 
overlie the rocks sampled from Poikopaa (A1038 
and A 1039). The mafic volcanics are rather homoge- 
neous and strongly foliated, with crystal-plastic de- 
formation of epidote and feldspar, but primary 
lithological features including pillow structures are 
sporadically preserved. Hornblende, plagioclase and 
epidote are the main minerals present. The porphyry 

This is from a distinctive composite quartz and dikes range in width from 0.2-60 m and although they 
plagioclase porphyry dike some 10-20 m thick in- are broadly concordant and strongly deformed, con- 
truded subparallel to the western margin ofthe Knittila tacts against the greenstones are sharp and occasion- 
Tonalite and separated from it by a narrow (10 m) ally chilled margins and isolated inclusions of 
screen of mica schists, so that relative intrusive schistose greenstone are present. The dikes are com- 
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posedof albite, K-feldspar, quartz, biotite andepidote, blastomylonitic. 
with accessory apatite, titanite and zircon; pyrite is Zircon is characteristically euhedral and zoned, 
the chief opaque phase. The degree of deformation often with well-developed oscillatory zoning in the 
varies considerably; randomly oriented euhedral core and a more homogeneous rim (Fig. 4g and h), 
plagioclase phenocrysts are commonly preserved and also some irregular metamict patches where 
even where the groundmass has undergone extensive recrystallization such as described by Pidgeon (1 992) 
ductile strain and recrystallization (Fig. 3a). The may have taken place (Fig. 4 i). 
samples analyzed however can be classified as 

Samples from supracrustal lithologies 

This sample was obtained by drilling several clasts 
from a polymictic matrix-supported~conglomerate 
immediately overlain by several westward-younging 
graded mafic horizons. Structural relationships indi- 
cate that this locality is on the eastern limb of the 
Ignola F, Synform and therefore may correlate with 
the upper part of the Tiittalanvaara Formation (Fig. 
2; Sorjonen-Ward, 1993, this volume). The clasts are 
of massive medium-grained felsic porphyry, but due 
to deformation and recrystallization it is difficult to 
determine whether they are plutonic rather than vol- 
canic in origin (see Fig. 4e). Their general appear- 
ance is at least quite different from that of exposed 
granitoids. 

conglomerate represented by sample A140 (Fig. 2). 

A543-Vetunmökinkangas 

This sample is from a matrix-supported lithic 
arenite or subarkose horizon within the middle por- 
tion of an eastward younging, upwards coarsening 
sequence several hundred meters thick that com- 
mences with micaceous pelites and culminates in 
arkoses and polyrnictic conglomerates. The sampled 
horizon is rich in feldspathic detritus materia1 up to 
2 mm in size and quartz detritus up to about 3 mm. It 
is likely therefore that these sediments represent 
epiclastic deposits derived from contemporaneous 
felsic volcanic activity. The locality lies within the 
east-younging limb between the Pihlajavaara Anti- 
cline and the Ignola F, Synform and is thus correlated 
with the Tiittalanvaara Formation (Fig. 2). 

This represents a fine-grained schistose greywacke 
from Hattuvaara that has a pronounced lineation 
defined by biotite aggregates. No clastic grains are A611-Korentovaara 

evident in hand specimen but detrital zircons separat- This is taken from clasts within a polymictic 
ed from this rock are still almost angular, suggesting conglomerate horizon, in which rounded pebbles 
a relatively short transportation distance. The local- resembling volcanic porphyry or plutonic rocks, as 
ity lies within a sequence including current bedded well as numerous pelitic intraclasts, occur in a feld- 
arenites and is inferred to correlate with the spathic arenite matrix (see Figs 4 d and e). The Ko- 
Tiittalanvaara Formation and probably uriderlies the rentovaara Conglomerate Member is both underlain 

Fig. 4. Supracrustal rocks. 
4a. Well-preserved euhedral plagioclase phenocrysts in andesitic crystal tuff or cumulatc at base of mafic sequence at Sivakkojoki, from which 
sample A1038-Poikopaa was taken. 
4b. Fragment of similar composition to the porphyritic lithology in Fig. 4a in the immediately overlying brecciated pillow lava unit, indicating 
that the two units are coeval. 
4c. Upper contact of mafic sequence at Sivakkojoki, with overlying mixed clastic sediment from which sample A1039-Poikopaä was taken. 
4d. Typical subarkosic graywacke from Korentovaara, with some small rounded felsic volcanic or plutonic clasts and more mafic elongate clasts 
aligned parallel to S, axiai plane cleavage. 
4e. Photomicrograph of part of small(4 cm) rounded clast from a conglomerate at Korvilansuo. Note polygonal grain boundaries in quariz mosaic 
and against large relict plagioclase grains. Texture illustrates difficulty of discriminating between plutonic and felsic volcanic origin for clasts 
in the Hattu schist belt. Field of view is 1.86 mm in width. 
4f. Polymictic conglomerate from highly deformed unit some 100 m east of, and therefore stratigraphically above the Vetunmökinkangas 
feldspathic arenite sample A543. The large and relatively less flattened clast in the center of tbe picture could be readily interpreted as being 
granitic, but note the coarse feldspar in the highly elongate clast below it, which is more probably of volcaniclastic origin. 
4g, Oscillatory zoning in core and more homogeneous rim of zircon from sample A282-Vehkavaara. 
4h. Euhedrai oscillatory zoned zircons from d = 4.2-4.6 size fraction of sample A282-Vehkavaara. 
4i. Euhedral oscillatory zoned zircon with possible patchy recrystallization from D fraction of sample A301-Vehkavaara. 
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and overlain by finer-grained mica schists and graded 
graywackes. 

AlO38-Poikopaa and A1039-Poikopaa 

These samples were collected from a lithologically 
diverse, westwards-younging sequence near 
Poikopaa, within the Sivakkojoki Formation 
(Sorjonen-Ward, 1993, this volume) and outcrops 
represent the stratigraphically lowermost units ex- 
posed in the Hattu schist belt (Fig. 2). The sequence 
begins with massive, coarse-grained feldspar-rich 
units which represent either dacitic crystal tuffs or, 
more probably, epiclastic reworking of such depos- 
its. These are succeeded by a composite mafic unit 
including two tholeiitic lava flows, with the upper of 
these containing pillow breccias (Fig. 4b) and, at the 
top, a probable hyaloclastic breccia (Fig. 4c). 

This composite mafic unit is abruptly overlain by 
a quartzo-feldspathic sedimentary sequence show- 
ing progressively better sorting and well preserved 
planar cross-bedded strata (apparent palaeocurrent 
flow consistently towards N) with intercalated con- 
glomerates having well-rounded and polymictic 
clasts. Sample A1039 was taken from the more 
poorly sorted materia1 at the base of this sedimentary 

sequence, immediately overlying the mafic unit (Fig . 
4c). 

The base of the composite mafic unit includes a 
breccia horizon with a plagioclase phyric lower part 
having an intermediate composition. Although the 
groundmass is strongly foliated and recrystallized, 
most phenocrysts retain a euhedral prismatic habit 
(Fig. 4a). Quartz phenocrysts are more deformed and 
have recrystallized as granoblastic subgrain mosa- 
ics. Fragments of this lithology occur as inclusions in 
the overlying mafic breccia and pillow breccia (Fig. 
4b), indicating that it is coeval with the volcanism, 
and not a result of younger sill intrusion. Sample 
A1038 was therefore taken from this unit. 

This sample is from a fine-grained grayish leptitic 
schist intercalated within a predominantly mafic 
volcanic sequence (Nykänen, 197 l), whose precise 
relationships with the Hattu schist belt remain un- 
known (Fig. 1). The rock contains numerous narrow 
yellowish bands and occasional biotite-rich bands. 
Immediately to the north of the sampling site large 
potassium feldspar crystals occur. 

ANALYTICAL METHODS 

The zircons were mainly separated using Clerici's 
solution, which when heated in a water bath can 
theoretically attain a density of 4.6 g/cm3. In practice, 
standard solutions of 3.8,4.0,4.2,4.3 and 4.5 g/cm3 
were used. In order to assist in hand-picking, the 
samples were usually sieved by 160 and 70 pm 
sieves. Only the non-magnetic (1.4 A, 1" tilt) frac- 
tions from a Frantz isodynamic separator were used. 

The usual procedure was to take part of the heav- 
iest (and the least metarnict) fraction for air abrasion 
treatment in an attempt to obtain a more concordant 
datapoint and to analyze 2-3 lighter fractions to give 
a useful downward extrapolation of the discordia. In 

some cases the samples were treated with hydrofluoric 
acid (HF) in order to remove surface pigments from 
uncrushed or inclusions from crushed samples. The 
dissolution of the samples and the chemical purifica- 
tion ofU and Pb were carried out using the method of 
Krogh (1973). The fitting of discordia chords to the 
data sets was done using the method of York (1969) 
assuming *.8% errors on the Pb/U-ratios and a 95% 
error correlation. All error estimates are given at 20  
confidence level. 

The comrnon lead analyses were carried out using 
standard dissolution and lead purification proce- 
dures (e.g. Vaasjoki and Vivallo, 1990). 

RESULTS 

Theresults of the mineral U-Pb age determinations than unity indicates that the uncertainty in the age 
for individual mineral fractions are presented in arises from analytical erroronly . Values greaterthan one 
Tables 1-3 and illustrated in Figs. 5-8. Table 4 summa- demonstrate some degree of sarnple inhomogeneity. 
rizes the upper and lower concordia intercepts for the The cause of these variations cannot be ascertained by 
zircon populations, the mean square weighted devi- the present analytical techniques. It may well be that 
ates (MSWD) and results for minerals other than zircon MSWD values less than 10 arise from an over-confi- 
are also given. It should be noted that an MSWD less dent assessment of analytical errors. 
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Results for samples from granitoid intrusions 

The zircons from the Pogosta Granodiorite (A50- and G, both of which lie in the 4.2-4.6 density 
Ilomantsi) register an age of 2724+5 Ma when the old interval, and have slightly higher individual analyt- 
borax fusion analysis A is omitted from the calcula- ical errors than the other fractions. The titanite pro- 
tion (Fig. 5a). As the most concordant fraction (+4.6) vides an almost concordant age at 2708 Ma, and this 
has lost about 8% of its radiogenic lead, the analysis is of considerable interest if it records cooling of the 
can be considered to be quite reliable. The MSWD intrusion through approximately the 450-500°C iso- 
can be mainly ascribed to the influence of fractions F therm. 

Table 1. U-Pb mineral data from granitoids in the Ilomantsi area. 

Sample Fraction Uconc Pbconc 2061204 2061238 207/235 2061207 Apparent age in Ma 
PPm PPm meas. Corrected for blank 618 715 716 

A5O-Ilomantsi, Pogosta Granodiorite 

Total 
+4.2 
4.0-4.2 
titanite 
+4.6 
4.2-4.6 
4.2-4.6 
4.0-4.2 

A200-Pulkinsärkät and A222-Lukanvaara, Lukanvaara Leucogranite 

monazite 
+3.6lab 
+3.6/ab 
3.6-4.1 

A285-Teponsärkkä, Kuittila Tonalite 

A285A Total 437.8 
A285B +4.6 205.8 
A285C 4.2-4.6 374.2 
A285D 4.2-4.6JHf 248.0 
A285E +4.6lab 170.7 

A284-Lehtovaara, Silvevaara Granodiorite 

A284A Total 454.8 195.9 
A284B 4.2-4.6 448.2 206.9 
A284C 4.2-4.6JHF 350.1 201.1 
A284D +4.6 281.6 155.4 
A284E +4.6/HF 266.5 155.2 
A284F +4.5lHFlcr 268.3 156.3 
A284G 4.2-4.6IHF 392.5 219.9 
A284H +4.6lab 279.7 164.4 
A284I 4.2-4.6lab 357.8 216.5 
A284J Titanite 63.7 66.7 
A284K Titanite 67.3 72.5 

A299-Kasinjarvi, Pogosta Granodionte 

A299A Total 349.0 177.0 
A299B +4.6 194.5 107.7 
A299C 4.2-4.6 341.9 176.7 
A299D 4.2-4.6IHF 251.4 149.6 
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Table 1. contd. 

Sample Fraction Uconc Pbconc 2061204 2061238 2071235 2061207 Apparent age in Ma 
PPm PPm mms. Corrected for blank 618 715 716 

A339-Silvevaara, Silvevaara Granodiorite 

Total 
Titanite 
Titanite 
Titanlab 
Titanlab 
4.2-4.6 
+4.2/HFlcr 
4.2-4.6mF 
+4.2/HF/cr 
4.3-4.5lab 
-4.51-200 
-4.51+ 100 
-4.5lab 
100-200lab 
4.3-4.5lcr 
4.2-4.31cr 
4.0-4.2lab 

A1078-Oinassalmi, quartz diorite 

A1094-Tasanvaara, Tasanvaara Tonalite 

Table 2. U-Pb mineral data from granitoid dikes and volcanogenic lithologies in the Ilomantsi area. 

Sample Fraction Uconc Pbconc 2061204 2061238 2071235 2061207 Apparent age in Ma 
PPm PPm meas. Corrected for blank 618 715 716 

A282-Vehkavaara, porphyritic tonalite dike 

A301-Vehkavaara, porphyritic tonalite dike 

+4.2 
4.0-4.2 
3.8-4.0 
+3.8lab 
3.6-3.8lab 
+3.6/ab 
titanite 
t4.3Iclab 
+4.3/f/ab 
4.2-4.3lab 
3.6-4.2leh 
3.6-4.2lab 
3.614.2lsh 
titanite 



Geological Survey of Finland, Special Paper 17 
U-Pb age determinations and sulfide Pb-Pb characteristics ... 

Table 2. contd. 

Sample Fraction Uconc Pbconc 2061204 2061238 2071235 2061207 Apparent age in Ma 
PPm PPm meas. Corrected for blank 618 715 716 

A338-Vehkavaara, porphy ritic tonalite dike 

744.3 415.9 
287.7 195.6 
598.6 368.2 
300.6 206.4 
563.1 339.3 
1008.0 560.9 
328.0 213.7 
797.3 462.1 
1212.7 650.4 
1250.0 629.7 
49.5 35.1 
935.1 528.8 

total 
+4.3/HF 
4.2-4.3lf 
+4.31ab 
4.2-4.3lab 
4.0-4.2lab 
+4.31ab 
+4.21cr 
4.0-4.2lcr 
-4.01~1 
titanite 
4.014.2lab 

A661-Rämepuro, porphyritic tonalite dike 

A223-Iknonvaara, porphyritic tonalite dike 

borax 
+4.2/ab 
+4.31ab 
4.2-4.3 
+4.3/ab 
4.2-4.3 
4.0-4.2s 
4.0-4.21 
3.6-4.0~ 
3.6-4.0f 

A1038-Poikopaa, plagioclase phyric andesite 

A1039-Poikopaa, feldspar lithic sediment 

A 1039A 4.2-4.3 762.2 289.6 
A1039B 4.0-4.2 1008.2 497.4 
A1039C +4.3 455.9 261.1 

AlO95-Kivisuo, porphyritic tonalite dike 

A1095A 4.3-4.5lab 519.1 296.1 
A1095B 4.2-4.3 659.3 342.2 
A1095C 4.0-4.2 867.3 422.9 

A11 JCLöytöjärvi, felsic volcanic rock 

A 1 155A-Linnansuo, tonalitic dike 

A1155A +4.3/f 366.5 203.7 2901 .4739 12.217 .1870 2500 262 1 2715 
A1155B 4.0-4.21~ 756.1 411.8 1262 .4333 10.502 ,1758 2320 2480 2613 
A1155C +4.3/c 430.9 247.9 3416 .4932 12.740 ,1873 2584 2660 2719 
A1155D +4.3/ab 340.6 199.8 6282 .5036 13.051 .1880 2629 2683 2724 
A1155E 4.2-4.31f 552.7 298.0 2099 .4528 11.407 ,1827 2407 2557 2677 
A1155F 3.6-4.01~ 1129.2 621.6 1605 .3989 9.245 .1681 2163 2362 2539 
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Table 3. U-Pb mineral data for sedimentary rocks from the Hattu schist belt. 

Sample Fraction Uconc Pbconc 2061204 206R38 2071235 2061207 Apparent age in Ma 
PPm PPm meas. Corrected for blank 618 715 716 

A140-Tiittalanvaara, tonalite clasts in conglomerate 

A221-Hattuvaara, mica schist (metagraywacke) 

A221A Total 324.3 182.6 
A221B +4.6 242.6 138.7 
A221C 4.2-4.6 343.7 198.8 
A221D 4.0-4.2 661.0 345.5 

A611-Korentovaara, tonalite clasts in conglomerate 

A611A Total 381.9 134.5 
A611B Total 380.4 124.5 
A611C Total 393.5 138.9 
A611D 3.6-4.2tab 834.0 304.7 
A611E +3.6/tblab 599.1 263.1 
A611F +4.0lcllab 294.0 120.1 
A611G 3.8-4.Uab 773.9 298.4 
A611H 3.3-3.8 282.1 124.9 

A543-Vetunmökinsuo, feldspathic arenite 

The Kasinjarvi sample (A299) also represents the 
Pogosta Granodiorite and has an age of 2733I6 Ma 
when the borax fusion analysis A is omitted (Fig. 5a). 

Zircons from the Lukanvaara Leucogranodiorite 
(A200 and A222) are too discordant to permit any 
meaningful age calculation (Fig. Sb). The monazite 
age, 2696 Ma, may be interpreted either as primary 
cooling below the monazite blocking temperature, 
often claimed to be about 600°C (e.g., Vaasjoki and 
Sakko, 1988; Smith and Barreiro, 1990), or less 
probably, as a reset age arising from a later thermal 
episode. 

The results from the Teponsarkka (A285) sample, 
which represents the Kuittila tonalite, indicate an age 
of 2745I11 Ma when the borax fusion fraction A is 
excluded (Fig. 5c). The two fractions from the con- 
tact of the Ramepuro prospect (A66 1) also plot on the 
same discordia trend. 

The two zircon fractions from the rounded tonalitic 
fragments within the large erratic boulder at 
Korvilansuo (A 1309) suggest an age of ca. 2735 Ma, 
which is quite consistent with them being related to 
the Kuittila Tonalite (Fig. 5c). 

Samples from the Tasanvaara tonalite form a well- 
defined discordia trend and yield an age estimate of 
2748+6 Ma (Fig. Sd). 

The four zircon fractions from the Oinassalmi 
quartz diorite (A 1078) exhibit a normal discordancy 
pattern and yield an age estimate of 2744+3 Ma (Fig. 
5e). As the MSWD is only 0.03 and the heavy 
abraded fraction A has lost only about 3% of its 
radiogenic lead, this is probably the most reliable age 
determination so far obtained f r ~ m  granitoids intrud- 
ing the Hattu schist belt. 

Both sarnples from the Silvevaara Granodiorite 
(A339-Silvevaara and A284 Lehtovaara) exhibit such 
a wide scatter that it is not feasible to calculate 
meaningful U-Pb ages (Fig. 5f). The results of 
SHRIMP ion microprobe derminations on some thir- 
ty zircons from Sample A284 confirm that the rock 
includes materia1 up to 3.18 Ga in age, with an 
emplacement age of 2757f4 Ma (Sorjonen-Ward 
and Claoué-Long, 1993). The inversely discordant 
titanites from Silvevaara suggest a secondary epi- 
sode at about 2650 Ma. 
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Table 4. Summary of linear regressions on U-Pb analyses from samples in the Ilomantsi area. 

Sample Rock type U P P ~ ~  Lower MSWD Comment N 
intercept 

Intrusive rocks 

Supracrustal rocks 

Porphyritic dikes 

Granodiorite 
Granodiorite 
Granodiorite 
Tonalite 
Tonalite 
Granodionte 
Tonalite 
Granodiorite 
Granodiorite 
Tonalite 
Tonalite 
Tonalite 

Conglomerate 
Mica schist 
Graywacke 
Conglomerate 
Meta-andesite 
Lithic arenite 
Metarhyolite 

A282 Tonalite dike 
A30 1 Tonalite dike 
A338 Tonalite dike 
A66 1 Tonalite dike 
A1095 Granite porphyry 

2724I5 147I5 1 
discordant 
discordant 

2734k10 337I68 
2745I10 200I 122 
2733I6 361I83 
2748I6 5251100 

heterogeneous 
heterogeneous 

2791I42 1273I182 
2744I3 6 19I29 
ca.2735 ca.130 

3027243 17645120 
heterogeneous 
heterogeneous 

ca.2750 ca.200 
2756I6 516I61 

inferred 

inferred 

N=number of zircon fractions analyzedlused for calculation. 

Results for samples from porphyritic dikes 

The Lknonvaara tonalitic porphyry dike (A223) 
shows a large variation in the degree of discordancy 
of the zircons (Fig. 6a). If the oldest borax fusion 
analysis (fraction A) is excluded from the calcula- 
tion, the upper intercept age is 2722g4 Ma with an 
MSWD of 50.0. If the clearly deviating fraction C is 
also excluded from consideration, the MSWD is still 
high (44.5) and the age result remains practically 
unchanged at 2726I14 Ma. Rejection of the two 
most discordant data points (fractions 1 and J) im- 
proves the MSWD to 10.3 and gives a slightly higher 
upper intercept at 2733I10 Ma, which may be re- 
garded as the best age estimate for the rock. 

The samples from the Vehkavaara porphyry dikes 
register much older ages than any other roeks from 
the Hattu schist belt (Fig. 6b). Sample A282 is, 
however, the only one of the three sarnples for which 
zircon fractions form a well-defined discordia chord 
(MSWD 1.87). Due to the large discordancy (lead 
loss 23-43%) and the relatively small dispersion of 
the data the error estimate is rather large, and the 

upper intercept age becomes 3027I43 Ma. The lower 
intercept is surprisingly high, 1764+120 Ma. Al- 
though the zircons from the other two samples, A30 1 
and A338 are obviously heterogeneous, the most 
concordant fractions plot very close to the concordia, 
lending further support to the argument that these are 
indeed ancient zircons. However, the titanite ages of 
both samples are ca. 2750 Ma, the one from A338 
being almost concordant, which suggests that the 
lower intercept age from A282 is probably geologi- 
cally meaningless. 

The six fractions from the porphyritic tonalite dike 
at Linnansuo (A1155) exhibit a fairly large scatter 
(MSWD=17.4) and have an unusually high lower 
intercept (1274 Ma). The upper intercept yields an 
age estimate of 2791+42 Ma, which reduces to 
2752I37 Ma, if the two most discordant data points 
are rejected (Fig. Sc). However, even in this case the 
MSWD is still 11.67, which suggests some sample 
heterogeneity. Whether this is due to older inherited 
zircons or to a secondary disturbance cannot be 
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Pogosta Granodiorite 

0.5 

0.4 
A50: 272415 Ma *A50-zirc0n 

Kuittila Tonalite 0 

Lukanvaara 
Leucogranite 

0.5 

0.4 

Tasanvaara 274816 Ma 

Silvevaara 

Granodiorite . ~ 3 3 9  

Fig. 5. Granitoids. 
5a. U-Pb concordia diagram for zircon and titanite from sarnples A5O-Ilomantsi and A299-Kasinjärvi, representing the Pogosta Granodiorite. 
5b. U-Pb concordia diagram for zircon and monazite from samples A200 and A222 representing the Lukanvaara Leucogranite. 
5c. U-Pb concordia diagram for sample A285-Teponsärkkäfrom the KuittilaTonalite and Sarnple A66I -Rärnepuro. Sample A 1309-Korvilansuo, 
which probably represents a brecciated phase of the Kuittila Tonalite, is also shown. 
5d. U-Pb concordia diagram for sample AlO78-Tasanvaara from the Tasanvaara Tonalite. 
5e. U-Pb concordia diagram for sample A1094-Oinassalrni. 
5f. U-Pb concordia diagram for zircon and titanite from samples ,4284-Lehtovaara and A339-Silvevaara, representing the Silvevaara 
Granodiorite. 
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Linnansuo 2792+43 

0.5 - 

x A338 

A Titanites 

Kivisuo 

Fig. 6. Porphyry dikes. 
6a. U-Pb concordia diagrarn for zircon from the Iknonvaara porphyry dike sarnple A223. 
6b. U-Pb concordia diagram for zircon and titanite frorn Vehkavaara porphyry dike samples A282, A301 and A338. 
6c. U-Pb concordia diagram for zircon from the Linnansuo porphyry dike sample Al155. 
6d. U-Pb concordia diagram for zircon from the Kivisuo porphyry dike sample A1095. 

ascertained by present methods. If there is no inher- 
itance, then the 207Pb/206Pb age of the abraded fraction 
D, 2724k5 Ma, is likely to represent the probable 
minimum age estimate for this rock. 

Three fractions (Fig. 6d) have been separated and 
analyzed from the porphyritic dike at the westem 
margin of the Kuittila Tonalite (A1095-Kivisuo). 
This rock clearly has the potential for exhibiting 
zircon heterogeneity, since it contains a variety of 
enclaves and intrudes rnica schists and graywackes, 

in contrast to the Vehkavaara dikes, which intrude 
mafic volcanic rocks. The MWSD is the lowest of 
all dikes, although this may not be significant 
given that only three fractions have been analyzed. 
The relatively precise age of age 2756I6 Ma is 
nevertheless consistent with expectations based on 
results obtained earlier from the Kuittila Tonalite 
(A285). It is therefore possible that the enclaves in 
the dike were consanguinous, or else did not inter- 
act physically with the host magma. 

Results for samples from supracrustal rocks 

The results for the volcanogenic rocks analyzed sample, namely A1038-Poikopaa (Fig. 7a), which 
from the study area illustrate how difficult the dis- corresponds compositionally to a plagioclase phyric 
crimination between volcanic lavas and pyroclastic andesite, gives an unequivocal dating result. Sample 
and epiclastic deposits in the field can be. Only one A1039, while superficiallyresembling adacitic crys- 
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Poikopaa: 2754+6 Ma 

Hattuvaara 

0.6 - 
Korentovaara 

Tiittalanvaara 
0.5 

0.4 

0.3 

0.55 - Vetunmökinkangas 

0.45 - 

min. 273413 Ma * A543 

2666151 Ma? 

Fig. 7. Supracrustal. rocks. 
7a. U-Pb concordia diagram for zircon from samples A1038 and A1039 represeuting thelowermost cxposed part of the Sivakkojoki Fomation 
at Pokopäa. 
7b.U-Pb concordia diagram for porphyritic clasts from conglomerate sarriple A140-TiiKalanvaara 
7c. U-Pb concordia diagrarn for fine-grained Tittaianvaara F m a t i o n  mica schist sample AZZ1-Hattuvaara. 
7d. U-Pb concordia diagrm for feldspathic graywacke sample A543-Vehmmökinkangw. 
7e. U-Pb concwdia diagram for felsic pqhyn t i c  clasts from Korentovaara conglomerate sample A611. 
7f. 8-Pb concordia diagram for zircon Erom felsic volcanic sntinple A1154-Löytöjärvi. 
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tal-lapilli tuff is more likely to be an epiclastic 
deposit, which is consistent with presence of current 
bedding and polymictic conglomerates in the imme- 
diately overlying sediments. This is also in accord 
with the observed scatter in the zircon population, 
which is well in excess of what would be expected 
from the analytical error alone (Fig. 7a). It must thus 
be concluded that only A 1038 gives a reliable age for 
volcanism in the Hattu schist belt and indicates an 
age 2754k6 Ma, while A1039 has evidently inherited 
part of its zircon from an older source. Since the Poi- 
kopaa outcrops represent the lowermost stratigraphic- 
al units exposed in the northern part of the Hattu 
schist belt, this age is of considerable significance. 

The four fractions analyzed from the porphyry 
clasts in the Tiittalanvaara conglomerate (A140) 
exhibit a normal discordancy pattern, but the scatter 
of the results is slightly in excess of analytical error, 
as demonstrated by the MSWD of 22.49 (Fig.7~). 
The upper intercept age, 2727+14 Ma is within 
experimental error the sarne as that for the feldspath- 
ic arenites at Vetunmökinkangas (A543), but slightly 
lower than for the andesitic rock (A338) at Poikopaa. 

The four fractions analyzed from the rnica gneiss 
A22 1 -Hattuvaara (Fig.7d) form a relatively good 
linear trend (MSWD=2.28) and analyses conform to 
a normal discordancy pattern. The upper intercept 
age, 2761+11 Ma agrees within experimental error 
with the results from both the volcanic rocks (A1038) 
and Vetunmökinkangas feldspathic arenites (A543), 
but is definitely older than the result for A140. 

Sample A543 from the feldspathic arenites at 
Vetunmökinkangas (Fig.7e) is somewhat more het- 

erogeneous and a reasonable MSWD and error esti- 
mate can be attained only by the rejection of fractions 
C and F. The 207PbP06Pb ages of the other fractions 
nevertheless set a minimum age of 2734k3 Ma for 
this rock. 

The clasts from the Korentovaara conglomerate 
(A611) yield an age considerably older than that of 
any known plutonic rocks in the area (Fig. 70. The 
MSWD is very high (260) indicating either multiple 
sources or several superimposed geological process- 
es. Nevertheless, the data from this sample demon- 
strate clearly a provenance about 200 Ma older than 
most rocks encountered within the Ilomantsi region. 
The presence of intraformational pelitic clasts in the 
same rock also indicates that the conglomerate con- 
tains material from a variety of contemporaneous as 
well as older sources. 

The so-called metarhyolite from Löytöjarvi 
(A1154) may have a more complicated history than 
any of the above samples, since although it clearly 
contains a heterogeneous population of zircons, the 
rock has a relatively Young, rather than old, apparent 
age of 2666551 Ma (Fig. 70. This may indicate 
either the effects of a younger thermal episode or 
complex sedimentary reworking of the originally 
volcanogenic material. The latter case is less likely, 
though not yet discounted, on the basis of regional 
structural arguments. It should also be stressed that at 
present there is no reliable basis for correlating rock 
units in this area with those of the Hattu schist belt, 
even though regional scale mapping does suggest 
that both areas belong to a contiguous zone of 
supracrustal rocks. 

Common lead 

The common lead results are presented in Table 5 
and in Figure 8. As far as the stratabound, possibly 
synvolcanic Riitasuo prospect is concerned, the 
behavior of the four analyses is normal. The three 
samples with relatively high lead concentrations are 
identical within experimental error, whereas the fourth 
with a lower lead content is more radiogenic, prob- 
ably as a result of in situ decay of uranium and 
thorium (cf. Gulson, 1986). The lead in the three 
identical sarnples is definitely Archean in its isotopic 
composition and plots slightly above the global evo- 
lution curve of Stacey and Kramers (1975). 

Of the gold prospects, the least radiogenic leads of 
the moderately large Kuittila, Ward and Ramepuro 
mineralizations are almost identical, while Kelokorpi 
is slightly more radiogenic. The low-lead samples 
from Kuittila define a sub-linear trend, which gives 
an age estimate of 2700k75 Ma. The Th/U ratio 

calculated on the basis of this age is 3.9, which 
corresponds to an average crustal value. 

Trace lead has also been analyzed from native 
gold obtained from the Ward deposit. When com- 
bined with the galena analyses from this area, the 
data define an essentially two point line, the slope of 
which gives an estimate of 1727I105 Ma. Until more 
data become available, it is however difficult to 
attach significance to this result, either in terms of 
Svecofennian lead loss and remobilization, or even 
the possibility of an early Proterozoic age for the 
deposit. 

Other prospects within metasediments surround- 
ing the Kuittila Tonalite, namely Elinsuo, Korvilansuo 
and Muurinsuo are variably radiogenic and exhibit a 
wide scatter on the 208Pb/204Pb VS. 206PbP4Pb dia- 
gram. 

The analysis from the Myllypuro till anomaly 
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exhibits much higher 207Pb contents than the drilled high Archean lead group (Vaasjoki, 1989), and 
prospects, plotting within the field of the so-called probably originates from sundry quartzose veins. 

Table 5. Lead isotopic data from sulphide minerals hosted by late Archaean rocks at Ilomantsi, Finland 

Sample Mineral Location &Et! mEt! mpb p b ~ n c  
="Pb lo4Pb mPb 

A. Samples from Archean stratabound deposits 

B. Samples from Archean gold deposits 

G391B leach 
G39 1 C - - 
G391D - - 
G391E - - 
G398A - - 
G398B pyrrhotite 
G398C pyrite 
G398D sphalerite 
G418 galena 
G397A pyrite 
G397B sphalerite 
G466 galena 
G467 - - 
G473 - - 
G454A leach 
G454B - - 

G455 - - 
G456 - - 
G457 - - 

C. Till anomaly samples 

034 leach 
040 - - 
050 - - 
06 1 - - 
11 1 - - 

Muurinsuo 
Elinsuo 
Korvilansuo 

Myllypuro 
- - 

DISCUSSION 

Age constraints 

The materia1 of this study is biassed towards the predominantly mafic Kovero schist belt, which ex- 
eastern, metasediment-dominated part of the tends in a southwesterly direction from Ilomantsi 
Ilomantsi greenstone belt, known as the Hattu schist township towards the village of Kiihtelysvaara (Fig. 
belt, and spatially associatedgranitoids. This is mostly 1) is represented only by sample A1154-Löytöjärvi 
because this area is currently the subject of detailed and a porphyritc dike (A1155-Linnansuo). 
investigation as a result of its gold potential. The 
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Evidence for primary depositional ages 
within the Hattu schist belt 

38 

A Kelokorpi 

36 
Rarnepuro 

x Others 

34 - Evolution 

Poikapaa 

Within the Hattu schist belt, two of the six 
supracrustal samples analyzed are of particular inter- 
est since their results are both relatively precise and 
identical within experimental error. These are the 
Vetunmökinkangas feldspathic graywacke A543 
(2744+9 Ma) and the Poikopaa plagioclase andesite, 
A1038 (2754+6 Ma). The latter lies within the lower 
part of the Sivakkojoki Formation, while the 
Vetunmökinkangas sample comes from the overly- 
ing Tiittalanvaara Formation (Fig. 2). No data are yet 
available from the stratigraphically highest unit rec- 
ognized, namely the Pampalo Formation, but there is 

32 I , , I , 4 ~ ~ l l ~ ~ u r o l  no evidence for any structural or stratigraphical break 
13 14 15 16 17 18 19 20 between it and the Tiittalanvaara Formation. There- 

fore it appears that the presently available isotopic 
data cannot be used to discriminate separate internal 
events within the Hattu schist belt sequence. Taken 
together, the two samples nevertheless indicate that 

207Pbl204Pb the main part of the sediments and volcanogenic 
rocks in the Hattu schist belt were deposited slightly 
over 2750 Ma ago. 

Sample A 140, from a conglomerate horizon corre- 
lated with the Tiittalanvaara Formation is rather 
problematic, if credibility is attached to its slightly 
younger, though less reliable age. The result, 2727+14 
Ma, is at variance not only with the other sediment 
data, but also with geological constraints. As the 
Tasanvaara Tonalite is demonstrably a syntectonic 
pluton, its apparently older age (2748+6 Ma) could 
only be possible if the conglomerate in question 

14.3 represents a younger, syntectonic depositional se- 
13 15 17 19 quence. This interpretation is, however, inconsistent 

~ O ~ P ~ I Z O ~ P ~  with field relationships. 

Fig. 8. Common lead results from sulfides, whole rockpowders and till 
sarnples frorn the Hattu schist belt and surrounding areas in Ilomantsi. 

Implications of isotopic studies for the age and provenance 
of detritus in Hattu schist belt sedhnents 

Three of the supracrustal samples (A221, A611 
and A1039) show evidence for an older provenance, 
at least on the basis of their zircon populations and 
assuming that the above constraints on depositional 
age are robust. Of these, the fine-grained mica schist 
from the Tiittalanvaara Formation at Hattuvaara 
(A221), with its relatively low MWSD of 2.28, 
corresponding to a relatively precise age of 276 1 +11 
Ma, may still be regarded as containing predomi- 
nantly contemporaneous volcanogenic detritus de- 
rived from the Hattu schist belt sequence itself. This 
is also consistent with the distinct prismatic mor- 
phology of zircon in this sample. 

The presence of older materia1 in the Poikopaa 
sample A1039 is quite clear, irrespective of whether 
the rock represents a pyroclastic or reworked mixed- 
provenance epiclastic deposit, and it immediately 
overlies sample A1038. The results from sample 
A1039 are nevertheless not as significant as those 
from the Korentovaara conglomerate (A6 1 1 ) since 
the latter, being from individual clasts, provides a 
more direct, rather than averaged indication of the 
age of at least part of the source area for the Hattu 
schist belt sediments. These results are also consist- 
ent with Sm-Nd model ages for sediments from the 
Ilomantsi region which show a rather wide range of 
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EN, values, suggesting a mixture of penecon- 
temporaneous detritus with material up to, but not 
greatly in excess of 3.0 Ga in age (Huhma, 1987; 
O'Brien et al., 1993, this volume). 

Correlation of lithological units between the north- 
ern and southern parts of the Hattu schist belt is not 
straightforward, because of poor exposure, substan- 
tial differences in the rock type and structural com- 
plexity. Neveretheless it appears likely that the 
turbidite- and metapelite-dominated sequence around 
Korentovaara is relatively low in the overall se- 
quence and could conceivably represent distal time- 
equivalent deposits correlating with the coarser clastic 
and volcanogenic units in the Poikopaa area 
(Sorjonen-Ward, 1993, this volume). If this were so, 
then it would imply that both the Korentovaara and 
Poikopää sediments contain a significant component 
of material representing an older basement prove- 
nance, whereas the samples from the Tiittalanvaara 
Formation record a predominantly penecon- 
temporaneous detrital input. This would further sug- 
gest that the earliest sediments exposed in the Hattu 
schist belt reflect magmatism adjacent to a continen- 
ta1 margin, with older basement being progressively 
buried or removed by large-scale tectonic disloca- 

tions, so that younger sediments predominantly rep- 
resent the limited reworking of juvenile material. 
The evidence from xenocrystic zircon within the 
Silvevaara Granodiorite (Sorjonen-Ward and Claoué- 
Long, 1993, in press), which is apparently one of the 
earliest, as well as largest intrusions within the Hattu 
schist belt also supports an active continental margin 
scenario, rather than the progressive exposure and 
erosion of older basement in a passive margin set- 
ting. The phenomenon of nearly coeval sedimenta- 
tion, volcanism and plutonism is not unusual and has, 
for example, been well documented on the basis of 
isotopic studies in the Tampere schist belt, within the 
early Proterozoic Svecofennian Orogen of southwest 
Finland (Kouvo and Tilton, 1966; Huhma, 1986; 
Patchett and Kouvo, 1986; Kähkönen et al., 1989; 
Nironen, 1989). That region nevertheless differs 
from the Hattu schist belt in that no evidence has been 
found for derivation of granitoids from older crustal 
material. This indeed suggests that the presence of 
older detrital zircons in Svecofennian sediments 
reflects the collision of juvenile arcs with a passive- 
margin basement terrane, rather than a continental 
margin arc setting (Huhma et al., 199 1 ; Ward, 1987). 

Emplacement ages of granitoids intruding 
the Hattu schist belt 

The following discussion commences with the 
assumptions that zircon has crystallized from granit- 
ic magmas during their ascent and emplacement, and 
that these events are effectively instantaneous with 
respect to analytical precision. The first of these 
assumptions may be violated if the magma inherits 
zircons from an older source, which will be a func- 
tion of age, composition and degree of partial melt- 
ing and subsequent fractionation, all of which influ- 
ence the stability of zircon in the magma (Watson 
and Harrison, 1983; Williams, 1992; Dirks andHand, 
1991; Paterson et al., 1992). This phenomenon has 
been clearly documented for the Paleozoic Berridale 
Batholith in southeastern Australia, where granitoids 
were intrudedinto weakly metamorphosed sediments 
at high crustal levels, and have not been subjected to 
any subsequent metamorphism (Williams et al., 1983). 
This has enabled comparison of zircon data with Rb- 
Sr and K-Ar systems in both intrusions and their 
aureoles, and generally reveals that K-Ar and Rb-Sr 
mineral ages and monazite U-Pb ages are in mutual 
agreement, while conventional zircon ages are 
commonly 20-30 Ma older. Unfortunately it is not 
possible to carry out the same kind of comparative 
study in the Hattu schist belt since ambient metamor- 
phic conditions were evidently higher (Sorjonen- 

Ward, 1993, this volume), and there is abundant 
evidence for early Proterozoic resetting of Rb-Sr and 
K-Ar mineral ages, or even in some cases, crystalli- 
zation of new minerals under lower greenschist facies 
conditions (Kouvo and Tilton, 1966; Kontinen et al., 
1992; O'Brien et al., 1993, this volume). This applies 
particularly to biotite, whereas muscovite in some 
instances has retained an Archean age, even quite 
close to the contact with Proterozoic rocks (Wetherill 
et al., 1962; Kouvo and Tilton, 1966). 

Nevertheless, the data from granitoid samples 
ASO-Ilomantsi, A285-Teponsarkka, A299- 
Kasinjarvi, A661 -Ramepuro, A 1078-Oinassalrni and 
A 1094-Tasanvaara are all consistent with geological 
constraints and results from the supracrustal rocks, 
with the possible exception of the Tiittalanvaara 
conglomerate clasts. The upper intercept ages for all 
these samples range between 2724+5 (A50) and 
2748I6 (A1094) Ma and indicate that the emplace- 
ment of these granitoids took place shortly after the 
deposition of the volcano-sedimentary sequence. The 
fact that the Kuittila and Tasanvaara Tonalites (rep- 
resented by samples A285-Teponsärkka and A 1094- 
Tasanvaara) were intruded during or after the earliest 
stages of deformation recorded in the country rocks 
precludes these intrusions from being subvolcanic 



equivalents of the felsic volcanism in the Hattu schist 
belt. However, the SHRIMP ion probe results from 
sample A284-Lehtovaara, at 2757+4 Ma do not per- 
mit any age difference to be resolved between the 
Silvevaara Granodiorite and the oldest units exposed 
at Poikopaa. Field relationships are also inconclu- 
sive, in that the contact between the schist belt and 
the Silvevaara Granodiorite is very highly strained. 
Thus, although there is no question as to the intrusive 
nature of the pluton, it has not been possible to assess 
whether the country rocks were already deformed 
and metamorphosed prior to its intrusion. 

Because no evidence has been found for 
unconformities and structural discordances within 
the schist belt, and because all plutonic contacts are 
either tectonic or intrusive, none of the presently 
exposed granitoids can have supplied detritus to the 
schist belt. Nevertheless, it is possible that some 
high-level intrusions may have been coeval with 
volcanism and were unroofed and eroded during 
deposition of the Hattu schist belt sediments. It is 
however very difficult to distinguish between clasts 
of plutonic and felsic volcanic origin when the 
groundmass of clasts has been strongly deformed 
and recrystallized. The photornicrograph in Figure 
4e illustrates this problem well; in hand specimen the 
clast closely resembles a medium-grained porphyritic 
granitoid, but in thin section the abundance af quartz 
forming a polygonal recrystallized mosaic suggests 
that a volcanogenic origin is more probable. Figure 
4f in contrast shows a highly deformed clast which 
could easily be classified in outcrop as plutonic. 

In a recent review of the rates of processes in 
magmatic arcs, Paterson and Tobisch (1992) con- 
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cluded that plutons having a volume in excess of 300 
km3 can form and crystallize within time intervals of 
the order of one million years or less, with the rate- 
determining factor usually being deformation style 
and strain rate in the country rocks. It is therefore 
most unlikely that the emplacement time required for 
the smaller plutons intruding the Hattu schist belt 
could have exceeded the 20 uncertainty estimates 
quoted above (Fig. 5, Table 4). If we accept that the 
zircon data relate directly to final magma emplace- 
ment, then a corollary of this assertion is that the age 
differences between the Pogosta Granodiorite 
(2724I5 Ma and 2733+6 Ma for samples A50 and 
A299 respectively), the Oinassalmi Quartz diorite 
(sample A1078, 2744I3 Ma) and the Silvevaara 
Granodiorite (sample A284-Lehtovaara, 2757k4 Ma) 
may be taken as statistically significant, such that 
there is no overlap in their intrusive ages at the 2 
confidence level. It can also be argued that both the 
Tasanvaara Tonalite (A1094, 2748I6 Ma) and the 
Kuittila Tonalite (A285, 2745+10 Ma) were most 
probably intruded after the Silvevaara Granodiorite 
and before thepogosta Granodiorite. This is difficult 
to verify on the basis of field relations since intrusive 
contacts between plutons have not been documented, 
although it does appear that the southwestern margin 
of the Tasanvaara Tonalite is in tangential contact 
with the Silvevaara Granodiorite (Fig. 1). Unfortu- 
nately this area is devoid of bedrock exposures and in 
spite of the more intense magnetic signature of the 
Silvevaara Granodiorite compared to the Tasanvaara 
Tonalite, relative intrusive relationships can not be 
discerned. 

Evidence for older crustal material m the sources 
of felsic magmas 

The data from the Silvevaara Granodiorite and 
Vehkavaara porphyritic dikes complicate the inter- 
pretation of the intrusive rocks in the Ilomantsi area. 
There is no doubt that the Vehkavaara dikes cut 
across mafic host rocks that closely resemble those of 
the Hattu schist belt exposed to the north and east of 
the Silvevaara Granodiorite, so that an age of around 
2.75 Ga would be anticipated. However, sample 
A282 has an upper intercept age of 3027I43 Ma and 
the most concordant fractions from A301 and A338 
register 207Pb/206Pb ages of 2926 and 3014 Ma, re- 
spectively. In contrast, the titanite ages of these 
samples are similar to the zircon data from other 
intrusions in the region, i.e. 2720-2750 Ma. Moreo- 
ver, Sm-Nd T,, ages are also slightly in excess of 
3 100 Ma (O'Brien et al., 1993, this volume). There- 
fore it would seem difficult to avoid the conclusion 

that the age recorded by A282 is a true intrusion age, 
while the heterogeneity of the zircon populations of 
A301 and A338 can be attributed to younger mag- 
matic events, associated with volcanism in the Hattu 
schist belt and the subsequent intrusion of granitoids, 
between 2750-2720 Ma ago. 

Such an interpretation of the Vehkavaara data 
would naturally imply that the Vehkavaara mafic 
volcanics should be at least 300 Ma older than the 
Hattu schist belt. Evidence for the existence of older 
crustal material in the region can be deduced from 
several sources. Firstly SHRIMP ion probe Studies 
have shown that the Silvevaara Granodiorite con- 
tains a somewhat bimodal heterogeneous zircon pop- 
ulation, with the older component being from 3.1-3.2 
Ga (Sorjonen-Ward and Claoué-Long, 1993). The 
Vehkavaara dikes are very close to the western 
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margin of this intrusion, although it has not been 
demonstrated that they are genetically or chemically 
related. However, the EN, values of the dikes at 2750 
Ma are distinctly negative and their Sm-Nd T,, ages 
are of the order of 3 100 Ma (O'Brien et al., 1993, this 
volume). Thus it seems reasonable to argue that they 
represent 3.1 Ga old Archean crust remobilized dur- 
ing the 2750 Ma event. 

If these older dates are accepted as recording the 
age of dike intrusion, certain inconsistencies with 
geological constraints arise. There are for instance 
no separate independent criteria to indicate that the 
mafic rocks at Vehkavaara are older than those of the 
Hattu schist belt. As was stated earlier, the Vehkavaara 
volcanic rocks have a distinct aeromagnetic signa- 
ture which enables them to be traced along the 
western margin of the Silvevaara Granodiorite to a 
stratigraphic level clearly above that of the Poikopaa 
samples (Fig. 1). Similarly, the same mafic unit can 
be recognized along the eastern margin of the 
Silvevaara Granodiorite, so that it clearly forms part 
of the Hattu schist belt. One way of resolving this 
dilemma is to propose that the mafic volcanics are 
underlain by a major detachment surface, requiring 
that these rocks were thrust for a distance of at least 
30 km over the Hattu schist belt sequence prior to the 
emplacement of the Silvevaara Granodiorite. Such 
tectonic repetitions and reversals of stratigraphical 
sequences have been invoked in the Favourable Lake 
greenstone belt in the Superior Province of central 
Canada to explain anomalous isotopic age data (Ayres 
and Corfu, 1991). Although poor exposure makes 
such a hypothesis difficult to assess directly in the 
Hattu schist belt, field constraints would require that 
a major structural discordance also exists between 
the rocks at Poikopaa and the overlying Tiittalanvaara 
Formation (see Fig. 2). 

Elsewhere in Finland evidence does indeed exist 
for the tectonic juxtaposition of greenstone units of 
different ages. Thus in the northern end of the Kuhmo- 
Suomussalmi greenstone belt direct age dating on 
either side of a tectonic contact shows that the rocks 

of the Luoma Group are at least 250 Ma older than the 
rocks of the Saarijärvi Group, which corresponds to 
the main phase of greenstone activity in that area 
(Vaasjoki et al., in prep.). 

Single-grain dating may ultimately provide the 
answer to this dilemma, if it could be shown that the 
Vehkavaara zircons are xenocrystic, and if the mafic 
volcanics at Vehkavaara could be dated directly. The 
exquisite oscillatory zoning of the Vehkavaara por- 
phyry dike zircons (Fig. 4 g,h,i) would favour a 
magmatic interpretation, but this is not necessarily 
incompatible with an inherited origin. On the contra- 
ry, it may be that grains such as that in Figure 4g 
represent 3.1 Ga cores with 2.75 Ga rims. For exam- 
ple, xenocrystic zircons within basalts at Kambalda 
described and analyzed by Compston et al. (1985, 
Figs. 1 and 2) contain well-preserved euhedral zoned 
cores. Although no chemical data are available to 
indicate whether the Vehkavaara dikes are genetical- 
ly related apophyses to the Silvevaara Granodiorite, 
they both have E, (2750 Ma) values that differ from 
those of other granitoids intruding the Hattu schist 
belt (O'Brien et al., 1993, this volume). A case may 
indeed be made for a close association between dikes 
and plutons since, for example, the Kivisuo dikes and 
Kuittila Tonalite share similar chemistry (O'Brien et 
al., 1993, this volume), as well as overlapping U-Pb 
zircon ages. 

The Pogosta Granodiorite may also have been at 
least partially derived from an older crustal source, 
even though the zircon data from samples A50- 
Ilomantsi and A299-Kasinjarvi are both mutually 
consistent and precise, so that they are interpreted as 
indicating that this pluton was emplaced slightly 
later than other granitoids in the region. Cores with 
truncated oscillitary zoning have been observed in 
some zircons (0.  Kouvo, pers. comm.), indicating 
either some kind of hiatus in grain growth, if not 
partial resorption of inherited crystals, while Lu-Hf 
analyses of sample A5O-Ilomantsi also suggest the 
presence of a limited amount of older crust in the 
protolith this rock (Patchett et al., 1981). 

U-Pb isotopic evidence pertaining to cooling 
and metamorphic history 

An interesting feature that has emerged from the 
Ilomantsi granitoid data is the statistically significant 
age difference between zircon results and those for 
monazite and titanite, which has the potential to 
reveal information concerning the post-emplacement 
thermal history of the region. Numerous studies of 
cooling histories from other regions have been pub- 
lished, based on the ages of various minerals deter- 
mined with different isotopic methods, and a general 

consensus exists concerning the relative sequence of 
closure temperatures for several minerals. Von 
Blanckenburg et al., (1989) have for example exarn- 
ined isotopic systems in an area where the P-T 
history is relatively well constrained and have com- 
pared a number of published closure temperature 
estimates for K-Ar and Rb-Sr isotopic systems. 
Williams et al. (1983) were also able to assess the 
relative significance of inherited zircon and Rb-Sr in 



granitoids by using K-Ar and Rb-Sr mineral data to 
constrain the age of emplacement of granitoids in 
southeastern Australia, where there has been no 
subsequent metamorphism to disturb isotopic sys- 
tems. In Archean terrains, such as the Abitibi belt of 
Canada, assessment of timing of deformation and 
gold mineralization may be difficult due to metamor- 
phic overprinting by subsequent events (Claoué- 
Long et al., 1990; Feng et al., 1992). In eastern 
Finland too, there is widespread evidence for reheat- 
ing of the Archean basement during the early 
Proterozoic Svecofennian Orogeny . This is seen most 
clearly in K-Ar studies that show resetting of biotite 
ages, and in some cases hornblende (Kouvo and 
Tilton, 1966; Kontinen et al., 1992), but is also 
apparent in the Rb-Sr systematics of micas from 
several gold prospects within the Hattu schist belt 
(O'Brien et al., 1993, this volume). Recrystallization 
of lower Proterozoic mafic dikes intruding the Hattu 
schist belt (Sorjonen-Ward, 1993, this volume), and 
the greenschist facies mineral assemblages recorded 
from autochthonous quartzite sequences overlying 
the Archean basement (Kohonen and Marmo, 1992) 
also provide independent evidence for the existence 
of such a thermal event. If the result presented earlier 
for trace lead in gold from the Ward deposit is 
meaningful, then it seems possible that this resetting 
may also extend to Pb isotopes, although it should be 
noted that none of the galena from Hattu schist belt 
prospects records such an event. 

Estimates for closure and resetting temperatures 
for K-Ar and Rb-Sr systems in biotite are around 
300-350°C (seevon Blanckenburg et al., 1989) which 
broadly corresponds to the temperatures proposed 
for typical post-metamorphic mesothermal gold de- 
posits (Colvine et al., 1988; Groves et al., 1989). 
Therefore the rocks of the Hattu schist belt, which 
evidently record a post-mineralization metamorphic 
peak (Sorjonen-Ward, 1993, this volume), in addi- 
tion to this superimposed early Proterozoic reheat- 
ing, are not amenable to K-Ar or Rb-Sr cooling 
history studies. Although some hornblendes from 
Archean rocks in eastern Finland also record early 
Proterozoic resetting (Kontinen et al., 1992), this 
does not appear to be the case in the Ilomantsi region. 
This observation is consistent with the invariably 
Archean ages obtained by U-Pb dating of titanite, 
particularly since the closure temperature for this 
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mineral is generally considered to be broadly similar 
to that of hornblende for the K-Ar system, at around 
470-520°C, (Tilton and Grunenfelder, 1968; 
Mattinson, 1978; Corfu et al., 1985), although some 
markedly higher estimates do also exist (von 
Blanckenburg, 1992). Thus it is possible to place an 
upper limit on the Svecofennian thermal overprint 
and also to take the titanite data as recording the age 
of cooling through the 500" isotherm following the 
peak of regional metamorphism in the Hattu schist 
belt. In particular, the results for titanites from sam- 
ple A5O-Ilomantsi suggest that this took place at 
about 2708 Ma, which is about 20 Ma younger than 
the zircon ages obtained for the same rock. 

Monazite from A222-Lukanvaara suggests a rath- 
er similar date (2696 Ma), although interpreting the 
closure temperature for monazite is not as straight- 
fonvard as for titanite. On the one hand studies of 
REE behaviour during metamorphism indicate that 
monazite may crystallize as a metamorphic rnineral 
in pelitic rocks where staurolite is stable (Smith and 
Barreiro, 1990), which would be in good agreement 
with the peak metamorphic assemblage recorded 
from the Hattu schist belt. However, several recent 
studies (Williams et al., 1983, Miller et al., 1992) 
suggest that monazite may, like zircon, in some cases 
show inheritance and survive temperatures in excess 
of 700°C. The heterogeneity of the zircon data from 
the Lukanvaara samples, and the composition of the 
rock in general, which suggests an S-type, or at least 
highly evolved 1-type origin, may well make it a 
suitable candidate for containing inherited monazite 
(Sawka et al., 1986). However, because the result is 
concordant, this would imply that the age is a maxi- 
mum estimate for the time of emplacement of the 
Lukanvaara Leucogranite. The intensely foliated and 
sheared nature of the margins of the pluton, with 
dynamically recrystallized quartz + microcline + 
biotite + muscovite + garnet assemblages neverthe- 
less suggests that intrusion took place during and not 
after regional deformation and mineralization 
(Sorjonen-Ward, 1993, this volume). 

The validity of this interpretation is very crucial 
with regard to both regional geological studies in 
general, and to gold investigations in particular, 
since it imposes a minimum age constraint on gold 
rnineralization, at least within the southern part of the 
Hattu schist belt. 

Ore genesis, timing, and exploration 

The Zn-Ag mineralization hosted by felsic central Finland (Vaasjoki, 1981) and the Lachlan 
volcanics at Riitasuo contains isotopically homoge- Fold Belt in eastern Australia (Gulson and Vaasjoki, 
neous lead in its high-Pb parts. Experience from 1987) suggests that this feature is characteristic of 
other areas such as the Vihanti-Pyhasalmi ore zone in stratabound volcanic-exhalative ore bodies. As the 
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Riitasuo lead plots in the vicinity of the average 
global lead evolution curve, it seems plausible to 
interpret the lead data as consistent with a syngenetic 
origin of the ore and the volcanic rocks. However, 
common lead analyses from whole rock samples 
representing the volcano-sedimentary sequence are 
needed to corroborate this thesis. 

The less radiogenic of the two galenas from Ward 
(G466) is very similar in its isotopic composition to 
galenas from Kuittila and Ramepuro, which may 
suggest a common source for the lead in these pros- 
pects. 

On the other hand, the Kuittila galena plots slight- 
ly below the best fitting line for other sulfides and 
acid leaches from the same prospect and is slightly 
less radiogenic than the Riitasuo lead. Pyrite and 
sphalerite from the Kelokorpi prospect also plot on 
the Kuittila trend (Fig. 8). It is thus possible that the 
galenas are not intimately related to the gold miner- 
alization, but rather reflect an earlier mineralizing 
event related to the volcanic phase of Hattu schist 
belt evolution. If this is the case, then the least 
radiogenic lead of the gold mineralization proper 
would be represented by the Kelokorpi prospect, 
sample G39 1 C from Kuittila and the more radiogenic 
of the Ward deposit galenas (G467). In this case, the 
age estimate derived from the linear trend for the 
uranogenic leads, 2700+75 Ma, should reflect the 
time of gold rnineralization. However, a shadow of 
doubt is cast on this interpretation by the single 
analysis of trace lead in gold from the Ward deposit, 
which may be suggestive of early Proterozoic reset- 
ting or remobilization, if not actual forrnation of 
mineralization. 

Disturbance of lead isotopes in the foreland to the 
Caledonian Orogen in northern Sweden (Romer, 
1992) provides an attractive analogue for the early 
Proterozoic situation in the Hattu schist belt, when 
the Outokumpu and related nappes were thrust for an 
unknown distance to the northeast and doubtless 
covered the present study area. The resetting of K-Ar 
an Rb-Sr biotite ages (Kouvo and Tilton, 1966; 
Kontinen et al., 1992; O'Brien et al., 1993, this 
volume), as well as greenschist facies assemblages in 
Proterozoic mafic dikes and autochthonous 
Proterozoic quartzite outliers both to the West 
(Kohonen and Marmo, 1992) and east of the Hattu 
schist belt (Y. Sistra, written comm., 1993) indicate 
that the whole region was reheated to temperatures 
that coincide with those characteristic of mesothermal 
gold mineralization (Colvine et al., 1988; Groves et 
al., 1989). Likewise, Proterozoic lead ages have also 
been obtained from the late Archean Norseman- 
Wiluna belt in the Yilgarn Craton (Browning et al., 
1987; Perring and McNaughton, 1990), where gold 
mineralization is unquestionably late Archean in age 

(Clark et al., 1989). 
~l though galenas in Proterozoic sediments over- 

lying the Archean basement to the west of the Hattu 
schist belt appear to have an older crustal lead signa- 
ture (Vaasjoki, 1981), suggesting either inheritance 
through sedimentary recycling or mobilization dur- 
ing the Svecofennian orogeny, there is no converse 
evidence for Proterozoic influences upon galena 
from any of the Hattu schist belt gold prospects. The 
significance of the trace lead result from gold at the 
Ward deposit can not yet be properly assessed, al- 
though it is perhaps noteworthy that the deposit lies 
within a zone whose trend would have been very 
amenable to mafic dike emplacement and reactiva- 
tion during the early Proterozoic. However, merely 
the fact that gold itself, and not galena, shows lead 
isotopic remobilization or resetting means that an 
exploration strategy based on examining zones of 
potential Proterozoic reactivation would not be the 
most effective way to search for gold! In other 
respects however, well established lead isotope fin- 
ger-printing techniques (e.g. Gulson, 1986) may be 
readily applied to the Ilomantsi region. In general the 
lead isotope data demonstrate that the highest lead 
samples for the three largest prospects also happen to 
be consistently the least radiogenic and moreover, 
the isotopic compositions between prospects are 
very similar. Conversely, leads from less interesting 
targets show a large variation in radiogeneity and 
even the relatively lead-rich sample G454A from the 
Kivisuo prospect exhibits an abnormally high 208Pb 
contents. Furthermore, the associated geochemical 
anomaly can probably be attributed to uneconomic 
vein mineralization of the kind that is comrnonly 
encountered within the Archean rocks of the 
Fennoscandian Shield. 

The age estimate derived from the Kuittila lead 
data overlaps, within error limits, all other events 
dated in the Ilomantsi region, with the exception of 
the older zircons from the Silvevaara Granodiorite, 
Vehkavaara dikes, and Korentovaara conglomerate. 
An upper constraint on the age of mineralization 
within shear zones in the Kuittila Tonalite is of 
course provided by the Teponsarkka sample A285, 
which is around 2745 Ma. Moreover, the numerical 
value of 2700 Ma coincides well with the titanite and 
monazite ages, which are considered to provide a 
younger limit on the timing of mineralization. It is 
still not clear however whether the titanite and 
monazite ages reflect a superimposed secondary ther- 
mal pulse rather than a single retrogressive regional 
cooling age. 

Attempts to date rnineralization directly have so 
far been unsuccessful. Baddeleyite and rutile have 
both been separated from mineralized materia1 at the 
Kuittila and Muurinsuo prospects but in neither case 
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were they compositionally suitable for reliable anal- Abitibi belt deposits, be very favourable for the 
ysis. Although the tourmaline- and sericite-dominat- precipitation of hydrothermal zircon (Claoué-Long 
ed alteration assemblages at the Kuittila, Korvilansuo et al., 1990), none has yet been identified. 
and Muurinsuo prospects might, by analogy with 

CONCLUSIONS 

The present rnineral U-Pb data indicate that in the 
Ilomantsi region Archean cmst up to at least 3.1 Ga 
in age exists, at least in reworked form in both 
sediments and some granitoids. The Hattu schist belt 
proper, however, was formedabout 2750 Ma ago and 
most of the materia1 in the metasediments seems to 
be of almost penecontemporaneous origin, suggest- 
ing rapid crustal generation, probably in an arc- 
continent collision zone, or alternatively, within a 
continental margin arc setting. 

Granitoids were intruded immediately after the 
cessation of, if not to some extent during volcanic 
activity within the Hattu schist belt, and some con- 
glomerate clasts exhibit ages very close to those of 
the greenstone belt volcanics and the granitoids. The 
precision of the data do not allow any time gap to be 
resolved between the earliest exposed sediments at 
Poikopaa (2754I6 Ma) and the earliest plutonic 
rocks. However, there does appear to be a small, 
though statistically significant age difference be- 
tween the Pogosta Granodiorite (2724I5 Ma and 
2733I6 Ma), the Kuittila (2745I10 Ma) and 
Tasanvaara (2748I6 Ma) Tonalites, the Oinassalmi 
Quartz diorite (2744+3 Ma) and the Silvevaara 
Granodiorite (2757I4 Ma). 

Common lead analyses suggest that syngeaetic 
stratabound ores were formed during the volcanic 
phase, but that at the Kuittila gold prospect lead 
isotopic compositions were subsequently altered by 
in situ decay of uranium and thorium to lead. Data 
from the other smaller prospects tend to be less 

coherent and some of the local till anomalies are 
derived from sundry vein mineralization. Thus it is 
clear that lead isotopic analyses may be successfully 
used as an exploration target discriminator when 
prospecting for gold within the Archean granite 
gneiss-greenstone terrain of east Finland. 

The Pb-Pb age estimate derived from the Kuittila 
gold prospect, 2700+75 Ma, overlaps - with the 
exception of the 3100 Ma zircons - all other events 
dated in the Ilomantsi region. An upper constraint on 
the age of gold rnineralization in shear zones at 
Kuittila is provided by the U-Pb zircon age of the 
tonalite itself, which is approximately 2745 Ma. 
Mineralization in the Kuittila area was affected by 
dynamic recrystallization during D, deformation, 
with the formation of garnet+chlorite+biotite 
f staurolite assemblages in pelitic rocks, and ferro- 
actinolite+zoisite+plagioclase assemblages in mafic 
rocks, which thus imply post-mineralization meta- 
morphic temperatures around 500°C. Whether the 
titanite and monazite ages around 2700 Ma record 
slow cooling after this event, or an independent 
superimposed thermal pulse is still Open to conjec- 
ture. 

The two samples A1154-Löytöjärvi and A1155- 
Linnansuo from the Kovero schist belt yield conflict- 
ing results, and therefore the only justifiable conclu- 
sion that can be drawn at present is that the Kovero 
schist belt is probably of the same age as the Hattu 
schist belt. 
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INTRODUCTION 

The late Archean Hattu schist belt is composed of 
a wide variety of rock types, sedimentary, extmsive 
and intrusive, ranging in composition from felsic to 
ultramafic. All rocks have been deformed and meta- 
morphosed and within deformation zones the degree 
of hydrothermal alteration can be intense (Sorjonen- 
Ward, 1993). To describe the geochemical character 
of the rocks and as a necessary prerequisite for 

quantitative analysis of elemental mobility during 
hydrothermal alteration, an objective procedure was 
followed to establish least altered background ele- 
mental abundances. Rock groups, based on hand 
specimens, were used as the principal divisions. 
These rock groups were then subdivided into chem- 
ical types. Background elemental abundances of the 
chemical types represent least altered (primary) 
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compositional centroids and not the extremes. In this represent the Spectrum of rocks in the Hattu schist 
paper the geochemical data and its subdivision into belt. 
chernical types is described. These chemical types 

SAMPLING AND SAMPLE DISTRIBUTION 

Rock sampling in the Hattu schists belt for a 
mnltielement geochemicai study was performed by 
the Ilomantsi Gold Project during 1986- 1990 (Figs. 
1 and 2). A total of 1408 samples were taken from 
outcrops (167 samples), shallow diamond drill cores 
(109 samples from 106 drill holes) and exploration 
diamond drill cores (1132 samples from 38 drill 
holes). 

Sampling had two main aims. First, outcrop sam- 
ples were taken to get a representative set of various 
rock types of the schist belt mainly outside mineral- 
ized areas. Although this sample set was comple- 
mented with sampling along some traverses by shal- 
low drilling, limited exposure over large areas gre- 

vented sy stematic geographic spread of the sampling 
sites. Second, drill core materia1 from mineralized 
zones was sampled for the study of the geochemistry 
of gold mineralization. 

Samples from outcrops and excavation pits were 
taken by portable diamond drilling equipment. Each 
sample consists of three subsamples (about 20 cm 
10% drill cores), which were takenfrom a small area 

Uold cxru- 

Diamond drill 
core sampim 

Fig. 1. Geological outline of the Hattu schist belt and location of Fig. 2. Close-up of the delineated area in Figure. 1. The delineated 
geochemical samples. Diamond dtill core (red) are locations for mul- areas show the extent of prospects defined by sample distribution and 
tiple samples, shallow drill core and outcrop (black) are locations for extent of till anomaly. For explanation of symbols, see Eigure. 1. 
single samples. The area of Figure. 2 is delineated. 



(c10 m2) representing the same rock type without 
foreign inclusions, veins, sulfides, etc. Shallow dia- 
mond drilling was done along traverses 50 to 100 m 
apart over unexposed areas at a few localities (Figs. 
1 and 2). The drill cores are mostly 2 to 10 m long and 
1 m of homogeneous rock was selected for multielement 
analysis. The sample was halved and treated like 
normal drill core samples. 

Drill core samples from mineralized areas were 
either selected according to their gold contents to 
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give a representative set from barren hanging-wall 
rock to barren footwall rock or the cores were analyzed 
completely. The drill cores were halved in 0.5 to 1 m 
intervals taking into consideration lithologic con- 
tacts, veins and major petrographic changes. Sam- 
ples for multielement analysis mostly represent 1 to 
5 m of drill core, combined from the subsarnples after 
crushing and milling. A detailed geological descrip- 
tion was recorded for each sample. 

ANALYTICAL TECHNIQUES 

Quantitative abundances for up to 55 elements mineralization. Later, analytical work was concen- 
were determined with a number of analytical tech- trated on significant elements within gold mineral- 
niques during 1986-1990 at the laboratories of the ized areas and outcrop sampling continued, partic- 
Geological Survey of Finland (GSF) in Rovaniemi ularly over the northem part of the study area. In total 
and Kuopio, and at X-Ray Assay Laboratories Ltd approximately 47,200 individual elemental 
(XRAL) in Toronto. Initially, a large suite of ele- determinations were made by a number of analytical 
ments was analyzed from outcrop samples, shallow methods with varying detection limits (Table 1). 
drill cores and some drill cores penetrating gold 

Sample preparation 

Outcrop samples and halved drill cores (in 0.5- 1 m 45), which does not contaminate the sample except 
intervals) were crushed with a jaw crusher to give a for negligible Fe. Drill core samples of desired length 
sample with a grain size of less than 3 mm. Each (usually 1 to 5 m) were combined from the subsamples 
sample was then split and about 100 g was milled by weighing an amount proportional to the length of 
with a swing mill using a carbon steel pan (steel CK each subsample and mixed thoroughly. 

Chemical analysis 

All the 1408 samples were analyzed for Au, Ag, 
As, Mo, S, Co, Cu, Ni, Zn and Pb, and 1145 samples 
for Bi, Sb, B, CO,, the major elements, loss on 
ignition (LOI), Ba, Cr, Nb, Rb, Sr, Y and Zr (Table 
1). Te and W were analyzed from 11 13 and 1244 
samples, respectively. The rest of the elements were 
analyzed mainly for petrogenetic purposes from 288 
samples mostly from outcrops and shallow drill 
cores. 

The major elements and Ba, Cr, Nb, Rb, Sr, Y and 
Zr were analyzed by X-ray fluorescence spectrometry 
(XRF) on fused disks at XRAL. Samples with Cr less 
than the XRF detection limit were reanalyzed by NA 
with a 2 or 0.5 ppm detection limit. Loss on ignition 
and CO, were also determined from the same sam- 
ples at XRAL. 

Gold was analyzed at GSF by graphite furnace 
atomic absorption spectrometry (GFAAS). Five to 
20 g of sample was digested with aqua regia, and Au 

was separated by reductive coprecipitation using Hg 
as a collector and stannous chloride as a reductant 
(Niskavaara and Kontas, 1990). This technique al- 
lows reliable determination of trace concentrations 
of Au down to 1 ppb level. Higher detection limits 
were ased for mineralized drill-core samples (Table 
1). 

Silver and Te were analyzed at GSF by GFAAS 
using the same technique as for Au and at XRAL 
after acid extraction. Bismuth, As and Sb were 
analyzed at XRAL mostly by flame atomic absorp- 
tion spectrometry (FAAS) after hydride generation, 
but from a set of samples Sb and As were analyzed by 
NA, and from another set As was analyzed directly 
by FAAS at GSF (Table 1). 

Boron was mostly analyzed by DCP after alkali 
fusion at XRAL, whereas Mo and W were deter- 
mined at XRAL by NA and direct current plasma 
atomic emission spectrometry (DCP) and at GSF by 



Geological Survey of Finland, Special Paper 17 
Theodore J.  Bornhorst, Kalevi Rasilainen and Pekka A. Nurmi 

Table 1. Analytical methods with detection limits, laboratory and number of samples analyzed. 

Number of Element Method Laboratory l h i t  smples 
Number of Element Method Laboratory limit 

( P P ~ )  (ppm) Smples 

SiO, XRF XRAL 100 1145 Li AAS XRAL 10 83 
TiO, XRF XR AL 100 1145 Lu N A XRAL 0.01 170 
A1,0, XRF XRAL 100 1145 NA XRAL 0.05 83 
Fe20, XRF XRAL 100 1145 ICP-MS XRAL 0.05 35 
MnO XRF XRAL 100 1145 Mo FAAS GSF 1 62 1 
MgO XRF XRAL 100 1145 DCP XRAL 1 499 
CaO XRF XR AL 100 1145 ICP-MS XRAL 1 35 
N%O XRF XRAL 100 1145 NA XRAL 2 170 
Kzo XRF XRAL 100 1145 NA XRAL 5 83 
P20s XRF XRAL 100 1145 ICP-MS XRAL 1 35 
Loi XRF XRAL 100 1145 XRF XR AL 10 1110 

ICP-MS XRAL 0.1 35 
Ag GFAAS GSF 0.01 361 NA XRAL 3 170 

GFAAS XRAL 0.02 499 N A XRAL 5 83 
DCP XRAL 0.5 285 FAAS GSF 1 1120 
FAAS GSF 1 263 DCP XRAL 1 288 
FAAS XRAL 0.1 889 FAAS GSF 1 1120 
NA XRAL 1 173 DCP XR AL 2 288 
FAAS GSF 1 123 ICP-MS XRAL 1 35 
NA XRAL 2 83 XRF XRAL 10 1110 
FAAS GSF 10 84 XRF XR AL 50 35 
FAAS GSF 100 56 LECO GSF 100 1373 
GFAAS GSF 0,001 256 FAAS XRAL 0.1 857 
FADCP XRAL 0.004 32 NA XRAL 0.1 170 
GFAAS GSF 0.01 952 NA XRAL 0.2 86 
GFAAS GSF 0.02 129 FAAS XRAL 0.2 32 
GPAAS GSF 0.05 39 Sc NA XRAL 0.01 170 

B NA XRAL 0.5 15 NA XR AL 0.1 86 
DCP XRAL 10 1130 ICP-MS XRAL 1 32 

Ba XRF XRAL 10 1145 Se GFAAS XRAL 0.5 35 
Be DCP XR AL 1 205 NA XRAL 0.5 170 

DCP XR AL 10 83 NA XRAL 3 83 
Bi DCP XRAL 0.1 170 Sm NA XRAL 0.01 170 

FAAS XRAL 0.1 857 N A XR AL 0.1 83 
ICP-MS XRAL 0.1 35 ICP-MS XRAL 0.1 35 
DCP XRAL 0.5 83 Sr ICP-MS XRAL 1 32 
N A XRAL 0.5 170 XRF XRAL 10 1113 
NA XR AL 1 83 Ta N A XRAL 0.5 170 
DCP XRAL 0.2 288 N A XR AL 1 86 
ICP-MS XRAL 0.1 35 ICP-MS XRAL 1 32 
N A XR AL 1 170 Tb N A XR AL 0.1 
NA 

253 
XRAL 3 83 ICP-MS XRAL 0.1 35 

NA XRAL 0.1 170 Te GFAAS GSF 0.001 
N A 

256 
XRAL 1 83 GFAAS GSF 0.01 

ICP-MS XRAL 
358 

1 35 GFAAS XRAL 0.02 
FAAS 

499 
GSF 1 1120 Th N A XRAL 0.2 170 

WET XRAL 100 1145 N A XRAL 0.5 
N A 

86 
XRAL 0.5 170 ICP-MS XRAL 0.5 

NA 
32 

XRAL 2 83 NA XRAL 0.1 
DCP 

173 
XR AL 2 32 ICP-MS XRAL 0.1 

XRF 
32 

XRAL 10 860 NA XRAL 0.5 
NA 

83 
XR AL 0.2 170 DCP XRAL 2 

NA 
205 

XRAL 0.5 83 DCP XR AL 10 
ICP-MS XRAL 

83 
1 35 FAAS GSF 1 

DCP 
340 

XRAL 0.5 288 N A XRAL 1 
FAAS 

660 
GSF 1 1120 ICP-MS XRAL 1 

ICP-MS XRAL 
32 

0.05 35 N A XRAL 3 
NA XR AL 0.05 170 FAAS GSF 

83 
10 

NA XRAL 0.2 83 Y ICP-MS XRAL 
1 29 

1 
N A XRAL 0.2 170 XRF XRAL 

35 
10 

N A 
1110 

XRAL 1 86 Yb N A XR AL 0.05 
ICP-MS XRAL 1 32 ICP-MS XRAL 

170 
0.1 

WET XRAL 0.005 288 N A 
35 

XRAL 0.2 
ICP-MS XRAL 

83 
0.1 35 Zn DCP XRAL 0.5 

N A 
288 

XR AL 0.1 170 FAAS GSF 1 
NA 

1120 
XRAL 0.5 83 Zr ICP-MS XRAL 

Li 
1 

AAS XRAL 1 704 XRF XRAL 
35 

10 11 10 
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FAAS (Table 1). from outcrop and shallow drill core samples by 
Cobalt, Cu, Ni, Pb, Zn and S contents were mostly various methods (Table 1). Although most elements 

analyzed at GSF, the metals by FAAS after aqua were analyzed by at least two different methods, no 
regia digestion and S by Leco analyzer. apparent bias was detected in studying the results. 

The rest of the elements were mostly analyzed 

GEOCHEMICAL DATA BASE 

To manage the vast amount of geochemical data, 
a computerized data base was created. In addition to 
the geochemical data, it contains information on 
sample type, geographic location, rock type etc. 
(Table 2). The data base was manipulated via the 
programs SYSTAT and SYGRAPH (Wilkinson, 
1990a, b). 

Based on field and drill-core observations, 54 
different rock types were recognized. In the data 
base, these 54 field rock types were simplified as an 
additional variable into 5 major rock groups which 
are consistent with field observations: extrusive 
igneous rocks, porphyritic felsic dikes, coarse-grained 
plutonic rocks, sedimentary rocks and banded iron 
formations. The extrusive rock group was further 

Table 2. Information contained in the geochemical data base. 

Contents of the geochemical data base 

Unique identification code 

Sample type: outcrop or drill core sample 

Hand specimen rock type 

Geographic x coordinate 

Geographic y coordinate 

Geographic z coordinate for drill core sample 

Upper depth for drill core sample 

Lower depth for drill core sample 

Sample representativeness: type, expanded type or not 
type sample 

Sample location: prospect or non-prospect sample 

Chemical type (see text) 

Elemental abundances for analyzed elements 

divided into ultramafic, mafic, intermediate, and 
felsic on the basis of hand specimens. A small set of 
miscellaneous samples includes quartz veins and 
highly altered or mineralized rocks for which the 
protolith is indeterminate; these will not be discussed 
further in this paper. Metamorphism, deformation 
and alteration can obscure rock type identification 
especially within intensely altered areas, hence some 
samples were probably misgrouped. This is especial- 
ly tme for distinguishing between sedimentary rocks 
and pyroclastic volcanic rocks. However, despite 
these difficulties the chemical consistency within 
and between the rock groups indicates that most 
samples were correctly classified. 

Hand specimen criteria were used to identify rep- 
resentative least altered and least deformed samples 
outside mineralized areas. Within the geochemical 
data base, these were called type samples. Slightly 
less restrictive criteria was used to identify another 
group of representative least altered samples, termed 
expanded type samples. Type and expanded type 
samples number 98 and 115, respectively. Without 
analysis of the geographic distribution of the type 
and expanded type samples, all samples were subdi- 
vided as geographically associated with a specific 
prospect or as not. The limits of the prospect areas are 
shown in Figure 2. The subset of non-prospect sam- 
ples contains 96 out of 98 type samples and 73 out of 
115 expanded type samples. Since, out of 206 non- 
prospect only 37 are not type or expanded type 
samples, the non-prospect subset is almost the same as 
the combined type and expanded type subset. These 
subsets of least altered rocks were used to estimate the 
unaltered background elemental abundances. 

GEOCHEMICAL SUBDIVISIONS 

The geochemical variation within and between the such as Ni and Cr may also be comparatively irnmo- 
5 major rock groups of the Hattu schist belt is bile. As the absolute abundance of an immobile 
considerable. Certain elements, such as Al, Ti, Zr, element may vary during alteration due to mass 
Sc, and the rare earth elements, are more likely to be addition or subtraction of other elements, variation 
relatively imrnobile during alteration than elements diagrams utilizing absolute abundances of immobile 
such as Na, K, and Si (e.g., Kerrich, 1983). Elements elements may include variability due to alteration 
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Table 3. Definition and proportion of chemical types for extrusive igneous rocks defined in sequence from 
ultramafic to felsic. 

Chemical Definition Total Number of Rock type by hand specimen 
tYPe number of non-prospect 

samples samples Ultramafic Mafic Intermediate Felsic 

Ultramafic Ni/Ai,03>50 

Mafic type 1 ZrtTi0 <100 
~ i / ~ 1 , 6 , <  17 

Mafic type 2 ZrITi0 >100 
~ i l ~ l , b , > i  7 

Intermediate NilAI,O,<I 5 
NilA1,03>4.5 

Felsic 

and are not always reliable. However, the ratio of two 
perfectly imrnobile elements will remain constant 
during alteration, hence appropriate immobile ele- 
ment ratio-ratio diagrams are a reliable method to 
investigate primary variations within a data set in- 
cluding both altered and unaltered rocks. For the 
Hattu schist belt, diagrams utilizing ratios of rela- 
tively immobile elements were used to subdivide 
each rock group into relatively homogenous chemi- 
cal types. 

Since most of the type and expanded type samples 
are not from the prospects, they may not be represent- 
ative of the rocks in the prospects themselves. This is 
particularly important since the chemical types and 
estimated least altered compositions are a necessary 
prerequisite to calculate mass transfer during altera- 
tion. Since the number of non-prospect samples are 
relatively few (206 non-prospect out of 1408 total), 
it is less reliable to use them alone to establish 
chemical types within the rock groups. For all sam- 
ples in each rock group a variety of different ratio- 
ratio diagrams of relatively immobile elements were 
visually inspected for pattern and for natural cluster- 
ing. After initial criteria for chemical types within 
each rock group had been established, these subdivi- 
sions were confirmed as reasonable by inspection of 
the variation within and between subdivisions on 
absolute element-element diagrams and between sub- 
divisions using medians. 

The extmsive rock group was the easiest to subdi- 
vide since ultramafic, mafic, intermediate, and felsic 
types had been previously recognized on the basis of 
hand specimens. The chemical types for the extru- 
sive rocks were picked on the basis of Ni/Al,O, and 
ZrITiO, ratios (Table 3, Fig. 3) which give a classi- 
fication corresponding closest to hand specimen rock 
types. The chemical type and hand specimen rock 

type are consistent with one another (Table 3). Two 
distinct chemical types were found within the mafic 
extrusive rocks. All of the samples of ultramafic 
extrusive rocks and all but one of the samples of 
mafic extrusive type 1 rocks are from outcrops at the 
northern part of the study area (north of the Rämepuro 
prospect). Mafic extrusive type 2 is restricted to the 
Muurinsuo prospect. This confirms the need to look 
at both unaltered and altered samples in establishing 
chemical types of each rock group. Intermediate and 

Fig. 3. Chemical subtypes for extrusive igneous rocks. See Table 3 for 
definition. 

felsic extrusive rocks are evenly distributed. 
The chemical composition of the porphyritic felsic 

dikes varies along a continuum with the distribution 
density of samples within the geochemical data base 
suggesting two clusters. Such compositional cluster- 
ing is evident in a number of diagrams, although 
subdivision is not entirely consistent from diagram 
to diagram. Subdivision by means of Ni/A1,0, ratio 
was used to produce the chemically most distinct 



Geological Survey of Filand, Special Paper 17 
Geocheniical charactex of lithologic units ... 

Table 4. Definition and proportion of chemical types for porphyxitic ,15 - 

felsic dikes, comse-grained plutonic rocks, sedimentary rocks and iron a, 
formation. 

- - 
- 

Chemical type Definition Total Number of 
number of non-prospect 
samples smples 

- - 

Pqhyri t ic  
felsic dikes 

TYpe 1 NilA1,Q3>2.75 
TYPe 2 Ni/A1203c2.75 

Coarse-gwined 
plutonic rocks 

T Y P ~  
Type 2 
T Y P ~  3 

Sedimentary 
rocks 

T Y P ~  1 Ni/Al,03c4 
Ni/Al,O, 4 - 8 

TyPe2 N i E ~ 0 . 9  
Type 3 NiIA1,0,>8 or 

Ni lZ~0 .9  
Iron formation 

T Y P ~  1 Ni/Fe,O,e2.75 
T Y P ~  2 NilFe,O,r2.75 

Fig. 4. Chemical subtypes for porphyritic felsic dikes. See Table 4 for 
definition. 

Fig. 5. Chemical subtypes for coarse-grained plutonic rocks. See 
Table 4 for definition. 

Rg. 6. Chemical subtypes for sedimentary rocks. Jee Table 4 for 
definition. 

end-member centroids along the compositional con- 
tinuum (Table 4, Fig. 4). The chemical types are 
evenly distributed in the geographic space. 

The coarse-grained plutonic rock group was di- 
vided into three chemical types (Table 4, Fig. 5). 
Gabbros had been recognized in hand specimen and 
are distinct in chemical composition (Type 1 in Table 
4). As defined in chernical space, five samples previ- 
ously classified as tonalite by hand specimen are of 
the gabbro chemical type. Of the remaining coarse- 
grained plutonic rocks, most samples are in a single 
cluster with a few outliers along a continuum. These 
outliers represent the central phase of the Kuittila 
tonalite (short drill core profile between the 
Korvilansuo and Kivisuo prospects, Fig. 2) and are 
best separated from the main cluster on the basis of 
Zr/Al,O, ratio. All except one sarnple of the chemical 
type 1 are from the Korvilansuo prospect. The chem- 
ical type 2 samples show no geographic clustering. 

The chemical composition of the sedimentary 
rock group varies along a continuum. Thus, three 
arbitrary chemical types are based on Ni/Al,O, and 
Ni/Zr ratios (Table 4, Fig. 6). Most samples fall in 
chemical type 2. The division between types 1 and 2 
was placed at a slight gap in data density whereas the 
division between types 2 and 3 was placed to keep the 
highest data density in type 2. The chemical types are 
geographically evenly distributed. 

The iron formation group was divided into two 
distinct chemical types by means of Nie ,O,  ratio 
(Table 4, Fig. 7). Multielement cluster analysis pro- 
duced the same subdivision. The few samples show 
no clear geographic preference. 
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Fig. 7. Chemical subtypes for iron formation. See Table 4 for defini- 
tion. 

BACKGROUND COMPOSITION ESTIMATE 

The least altered rocks in the Hattu schist belt are 
represented by type samples which were defined on 
the basis of hand specimens. However, for many 
chemical types within the rock groups only a few 
type samples are available to estimate least altered 
background compositions. The combined type and 
expanded type samples, both within and outside the 
geographic bounds of the prospects, and the non- 
prospect samples are three additional estimators of 
the original unaltered background composition, each 
with about twice the number of sarnples as type 
samples alone. The median provides a comparatively 
robust estimate of compositional centroid, even 
though the number of samples is small, the distribu- 
tion is not necessarily normal, and elemental abun- 
dances are sometimes below detection limit. Medi- 
ans of the four least altered rock subsets mentioned 
above were used to estimate least altered background 
elemental abundances for each chemical type within 
the different rock groups. No one subset alone pro- 
vided the best estimate of least altered background 
elemental abundance for all the elements. 

The difference between the medians of the four 
subsets was usually within or near the analytical 
precision. The median value nearest to the grand 

median for all unaltered and altered samples was 
chosen as the background value. This was done to 
achieve the smallest (most conservative) calculated 
gains and losses during alteration (see Bornhorst and 
Rasilainen, 1993). When the medians of the least 
altered subsets were significantly different, histo- 
grams were used to select the background elemental 
abundance since a large number of outliers can bias 
the median. For some elements (e.g. Ag, As, Au, Bi, 
S, Te in some chemical types) none of the least 
altered medians provided a reasonable background 
estimate as compared to expected abundance for an 
unaltered rock based on published geochemical data 
(Govindaraju, 1989). In these cases, a background 
elemental abundance was assumed from expected 
unaltered values. For the extrusive mafic chemical 
type 2 and coarse-grained plutonic chemical type 1 
only altered samples from the Muurinsuo and 
Korvilansuo prospects, respectively, were available 
as an estimate of background composition. For these 
two chemical types the background composition is 
an altered rock. 

The least altered background centroid geochemical 
composition of chemical types within the rock groups 
of Hattu schist belt are given in Tables 5 to 9. 
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Table 5. Background chernical composition of extrusive rocks. Parentheses: assurned 
value based on literature; period: not analyzed. 

Mafic 
Ul-afic TypeI 

Mafic inter- 
TYP 2 mediate Felsic 

SiO, % 42.10 50.60 51.25 6 1.40 64.70 
TiO, % 0.44 0.97 0.86 0.71 0.54 

MnO % 
MgO % 
CaO % 
N$O % 
K,O % 

p20, % 
LOI % 
Total % 

Ag PPm 
As PPm 
Au P P ~  
B PPm 
Ba PPm 
Be PPm 
Bi ppm 
Br PPm 
Cd PPm 
Ce PPm 
Co PPm 
CO, % 

Cr PPm 
c s  PPm 
Cu PPm 
Eu PPm 
Hf PPm 
Hg P P ~  
La PPm 
Li ppm 
Lu PPm 
Mo PPm 
NlJ PPm 
Nd PPrn 
Ni ppm 
Pb PPm 
Rb PPm 
S % 

Sb PPm 
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Table 6. Background chernical composi- 
tion of porphyritic felsic dikes. Parenthe- 
ses: assumed value based on literature; 
period: not analyzed. 

SiO, % 
TiO, % 
4 0 3  % 
Fq03 % 
MnO % 
MgO % 
CaO % 
N%O % 
IG'O % 
P105 % 
LOI % 
Total % 

Ag PPm 
As PPm 
Au P P ~  
B PPm 
Ba PPm 
Be PPm 
Bi pprn 
Br PPm 
Cd pprn 
Ce PPm 
Co PPm 
COl % 

Cr PPm 
c s  PPm 
fi PPm 
Eu PPm 
Hf PPm 
Hg P P ~  
La PPm 
Li pprn 
Lu PPm 
Mo PPm 
Nb PPm 
Nd PPm 
Ni pprn 
Pb PPm 
Rb PPm 
S % 
Sb PPm 
s c  PPm 
Se PPm 
Sm PPm 
Sr PPm 
Ta PPm 
Tb PPm 
Te P P ~  
l-h PPm 
U PPm 
v PPm 
w PPm 
y PPm 
yb PPm 

Table 7. Background chemical composition of coarse- 
grained plutonic rocks. Parentheses: assurnedvalue based 
on literature; period: not analyzed. 

Type1 Type2 Type3 

SiO, % 52.90 64.95 70.65 
TiOl % 0.96 0.43 0.19 
A1,03 % 14.10 15.80 15.40 
F%o3 % 8.82 4.46 1.62 
MnO % 0.17 0.07 0.04 
MgO % 6.93 228 0.76 
CaO % 6.60 3.31 1.83 
NqO % 2.04 4.04 4.92 
K,O % 3.35 2.94 3.11 
P2O5 % 0.53 0.14 0.06 
LOI % 1.54 1.13 1.00 
Total % 97.94 99.73 99.58 

Ag PPm 
As PPm 
Au P P ~  
B PPm 
Ba PPm 
Be PPm 
Bi pprn 
Br PPm 
Cd PPm 
Ce PPm 
Co PPm 
CO, % 

Cr PPm 
Cs PPm 
Cu PPm 
Eu PPm 
Hf PPm 
Hg P P ~  
La PPm 
Li pprn 
Lu PPm 
Mo PPm 
Nb PPm 
Nd PPm 
Ni pprn 
Pb PPm 
Rb PPm 
S % 
Sb PPm 
Sc PPm 
Se PPm 
Sm PPm 
Sr PPm 
Ta PPm 
Tb PPm 
Te P P ~  
Th PPm 
U PPm 
V PPm 
w PPm 
Y PPm 
yb PPm 
zn PPm 
Zr PPm 
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Table 8. Background chemical composition of sedimen- 
tary rocks. Parentheses: assumed valne based on litera- 
ture; period: not analyzed. 

Table 9. Background chemical cornposi- 
tion of iron formation. Parentheses: as- 
sumed value based on literature; penod: 
not analyzed. 

SiO, % 
TiO, % 
A1,03 % 
Fe,O, % 
MnO % 
MgO % 
CaO % 
N%O % 
%O % 
p205 % 
LOI % 
Total % 

*g PPm 
As PPm 
Au P P ~  
B PPm 
Ba PPm 
Be PPm 
Bi pprn 
Br PPm 
Cd PPm 
Ce PPm 
Co PPm 
CO, % 

Cr PPm 
c s  PPm 
c u  PPm 
Eu PPm 
Hf PPm 
HJ3 P P ~  
La PPm 
Li pprn 
Lu PPm 
Mo PPm 
Nb PPm 
Nd PPm 
Ni pprn 
Pb PPm 
Rb PPm 
S % 
Sb PPm 
s c  PPm 
Se PPm 
Sm PPm 
Sr PPm 
Ta PPm 
Tb PPm 
Te P P ~  
Th PPm 
U PPm 
V PPm 
w PPm 
Y PPm 
Yb PPm 
Zn PPm 
Zr PPm 

SiO, % 
TiOz % 
A1203 % 
F%03 % 
MnO % 
MgO % 
CaO % 
N ~ O  % 
&O % 
'2'5 % 
LOI % 
Total % 

Ag Ppm 
As PPm 
Au P P ~  
B PPm 
Ba PPm 
Be PPm 
Bi pprn 
Br PPm 
Cd PPm 
Ce PPm 
Co PPm 
CO, % 

(3 PPm 
c s  PPm 
c u  PPm 
Eu PPm 
Hf ppm 
Hg P P ~  
La PPm 
Li pprn 
Lu PPm 
Mo PPm 
Nb PPm 
Nd PPm 
Ni pprn 

Pb PPm 
Rb PPm 
S % 
Sb PPm 
sc PPm 
Se PPm 
Sm PPm 
Sr PPm 
Ta PPm 
Tb PPm 
Te P P ~  
Th PPm 
U ppm 
v PPm 
w ppm 
Y PPm 
yb PPm 
z n  PPm 
zr PPm 
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DISCUSSION 

Even though the samples in the geochemical data 
base do not represent the volume of rock in the Hattu 
schist belt, they are believed to be a fair representa- 
tion of the Spectrum of geochemical compositions 
and provide an accurate estimate of pre-alteration 
composition. For altered rocks the absolute abun- 
dance of elements is affected by mass transfer. How- 
ever, for least altered samples, which have little or no 
mass change as compared to the original rock, abso- 
lute abundance of elements represent primary con- 
tents, especially for less mobile elements. Thus, the 
compositional variability within the rock types can 
be illustrated by less mobile elements within the least 
altered rocks (Figs. 8-1 1). Comparison with rocks 
from other areas and petrogenetic implications of 
primary elemental variations is discussed in other 
articles of this volume (O'Brien et al., 1993, this 
volume). 

For the Hattu schist belt as a whole it is possible 
to estimate the actual volumetric proportion of the 

Uitramafic 
Mafic type 1 
Wfic tvoe 2 

Fig. 8. Anexample of compositional variability within extrusive rocks. 
Median compositions of the chemical types are shownby solid squares. 

various rock groups by areal distribution on geologic 
maps. Geologic maps indicate that the Hattu schist 
belt is dominated by large scale intrusions which 
engulf the supracrustal rocks and small felsic intru- 
sions (Fig. 12). However, the geochemical data base 
described here does not include samples of the large 
scale intrusions since they do not host any known 
gold prospects. The geochemical data base includes 
supracrustal rocks and small felsic intrusions (coarse 
grained plutonic rocks and porphyritic felsic dikes 
described above), both spatially associated with gold. 
While the number of samples in the geochemical data 
base do not represent the volume of rock within 
prospects or actually hosting gold, the cumulative 
meters of drill core represented by each sample 
provides a more realistic estimate. The relative abun- 
dance of the different rock types within the prospects 
is similar to the relative abundance that actually host 
gold (Fig. 12). For the Hattu schist belt as a whole, 
normalized relative abundances of supracrustal rocks 

Fig. 9. An example of compositional variability within porphyritic 
felsic dikes. Median compositions of the chemical types are shown by 
solid squares. 

T Y P ~  1 
Type 2 
Ti, t '  

Fig. 10. An example of compositional variability within coarse- Fig. 1 1 .  An example of compositional variability within sedimentary 
grainedplutonic rocks. Median compositions ofthe chemical types are rocks. Median ccrmpositions of the chemical types are shown by 
shown by solid squares. crosses. 
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and small felsic intrusions without large intrusions lithologies (Fig. 12). The relative abundance of clastic 
can be compared to within prospect and gold host sediments and small felsic intrusions in the belt is 

similar to that associated with gold mineralization. 
Maficlultrarnafic volcanic rocks have a slightly higher 
tendency to be mineralized as compared to abun- 
dance in the belt whereas the opposite is true for 
felsic volcanic rocks (as compared to supracrustal - 

c d rocks and small felsic intrusions without large intru- 
sions). All the major groups of supracrustal rock 

sedimenb Sma" intrusiOns types and small felsic intrusions of the Hattu schist 
Felsic volcanics I Chemical 

sediments belt can be closely associated with gold minexaliza- 

1 Large intrusions 
1 Mafic/ultramafic 

volcanics 
tion and are roughly associated with gold in propor- 

Fig. 12. Relattve abundance of lithologies for the entire Hattu schist tien to their relative abundance in the belt, although 
belt (a), supracrustal dominated portion of the belt (b), gold mineral- 
ized prospects (c), and gold hosts (d). The entire belt is based on area differences in relative favorabilit~ d0 exist. In 
measurements from geoiogic maps and the supracrustal portion repre- contrast, for the well studied Atibiti m-eenstone belt 

u 

sents the entire belt without large scale intrusions. Prospect abundanc- Of the superior province, canada(colvine et al., 1988) 
es are based on meters of drill core for each rock type and gold host 
lithologies are based on meters of drill core reptesented bv sam~les ce*auilithO1Ogies are much more favOred for gold than 
with greater than 100 ppb Au. predicted by their relative abundance in the belt. 
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The 2750 Ma Late Archean Hattu schist belt in eastern Finland consists of 
supracrustal rocks dominated by sediments, with lesser amounts of komatiites, 
tholeiitic basalts and calc-alkaline rocks all intruded by typical Archean 
tonalite-trondhjemite-granodiorite series (TTG) rocks. Metamorphic condi- 
tions following accretion of the schist belt reached upper greenschist, lower 
amphibolite conditions with maximum temperatures estirnated at 550 + 50 "C. 

The Hattu schist belt volcanics can be divided into komatiites, tholeiites, 
low-Ti tholeiites that show some characteristics of calc-alkaline basalts, and 
andesiteddacites. Crystal fractionation models suggest the tholeiites were 
dominated by olivine + chromite I clinopyroxene f plagioclase removal and 
the low-Ti tholeiites by clinopyroxene + olivine + magnetite removal. Several 
members of the low-Ti tholeiite group may be parental magmas to the 
andesites and dacites whereas the tholeiite fractionation trend projects away 
from the moreevolved volcanics. REE profiles of the Hattu schist belt basalts 
are mostly typical of Archean basalts and discriminant diagrams suggest that 
these basalts are either island arc- or continental arc-derived. Negative Ta, Nb 
and Ti anomalies in the andesites and dacites suggest they are also arc-related 
magmas. 

The TTG series granitoids intruding to the Hattu schist belt show a relatively 
small range in composition. Feldspar porphyry dikes that are found throughout 
the belt can only be distinguished from the plutonic rocks by the absence of 
negative Eu anomalies. This suggests plagioclase accumulation in the plutons 
subsequent to intrusion. 

Metagraywackes in the Hattu schist belt are mostly andesitic to dacitic in 
composition although some basaltic andesite compositions apparently reflect 
a large amount of locally derived basaltic detritus. The metagraywackes with 
< 65 weight % SiO, overlap in composition with the volcanics whereas a large 
group of samples with greater than 65 weight % SiO, have no intrusive or 
volcanic equivalents in terms of TiO,, Fe,O,, MgO or Cr, Ni, V, Sc. Rather 
than calling on a missing felsic compon&t n c h  in compatible elements, we 
suggest some sedimentary process enriched these elements in the sedimentary 
sequence, which we suspect was mostly locally derived. 

Sr isotopes on the Kuittila tonalite give a poorly constrained isochron of 
2789 f 290 Ma with a Sr, = 0.70146 f: 0.0009. Nd isotopes from 14 samples 
of the tonalite intrusives give ~ ~ ~ ( 2 7 5 0  Ma) of +0.9 to +2.1 and T,, model 
ages ca. 2800 Ma. In contrast, 3 Silvevaara Granodiorite samples have lower 
~ ~ ~ ( 2 7 5 0 )  from -0.4 to -2.1 and older T,, ages near 3.0 Ga. Nd data from the 
volcanics include an amphibolite from Tiittalanvaara with an ~ ~ ~ ( 2 7 5 0 )  of 
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+1.3, close to what is expected for model mantle, whereas apillow basalt from 
Poikopaa gives an ~ ~ ~ ( 2 7 5 0 )  -6 which could represent Proterozoic SmINd 
resetting. Other volcanic samples include a meta-andesite with a low 
~ ~ ( 2 7 5 0 )  of -2.4 and a metadacite with an ~ ~ ~ ( 2 7 5 0 )  of +1.7. Nd isotopic data 
on 3 metagraywackes give ~ ~ ~ ( 2 7 5 0  Ma)values slightly more negative than the 
intrusives (-0.6 to +1.2). However, taken as a whole, the bulk of the isotopic 
data argue against a significant older crustal component in the source of the 
Hattu schist belt magmas or metagraywackes. 

Key words (GeoRef Thesaurus, AGI): greenstone, gold, komatiite, tholeiite, 
tonalite, radiogenic isotopes, Hattu, Finland 

Hugh O'Brien*, Hannu Huhma, Peter Sarjonen- Ward, Geological Survey of 
Finland, FIN-02150 Espoo, Finland 
3resent  address: Department of Geological Sciences, AJ-20, Universify of 
Washington, Seattle, WA, 98195 USA 

INTRODUCTION 

The Archean Hattu schist belt represents the sed- 
iment-dominated, easterly, N-S trending arm of the 
Ilomantsi Greenstone Belt (Fig. 1). It is from this belt 
that Archean gold rnineralization from Fennoscandia 
was first reported (Salminen and Hartikainen, 1986; 
Nurmi et al., 1988). Because of similarities in age, 
lithologies and mineralization type with Archean 
gold provinces in Canada and Australia, an explora- 
tion and research program at the Geological Survey 
of Finland was initiated in 1986. 

A considerable portion of the research effort of 
this project has been oriented towards understanding 
the structural and lithologic controls and physico- 
chemical processes important in the precipitation of 
the Hattu schist belt gold mineralization. Most of the 
contributions in this volume address these topics and 
include, for example, modeling of mass transfer 
related to hydrothermal alteration of the rocks in the 
Hattu schist belt (Bornhorst and Rasilainen, 1993, 
this volume). The purpose of the present paper is 
instead to characterize host rocks unaffected by the 
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GENERAL GEOLOGY 

Supracrustal lithostratigraphy and volcanism 

Lithologies of the Hattu schist belt are dominated 
by felsic volcanics, volcanogenic sediments and thick 
graywacke sequences. Tholeiitic and komatiitic flows 
are generally restricted to a few horizons within this 
sedimentary package and intermediate volcanic and 
volcaniclastic materia1 are not abundant. No 
depositional substrate to the sequence has been iden- 
tified, although it is possible that mafic rocks in the 
southeast of the study area represent basement. 

Stratigraphic sequences are discussed in detail in 
Sorjonen-Ward (1993, this volume). In brief, the 
northern Hattu schist belt sequence begins with feld- 
spathic graywackes of turbidite origin and coarse- 
clastic deposits of the Sivakkojoki Formation inter- 
calated with sporadic tholeiitic basalt flows and 
porphyritic andesite. The succeeding Hosko and 
Kuljunki Formations contain turbidites in their lower 
parts but consist predominantly of coarse-clastic 

deposits with some felsic pyroclastics. Near 
Hattuvaara a persistent but thin mafic horizon marks 
the base of the conglomerate-dominated 
Tiittalanvaara Formation which passes upwards via 
Fe-rich chemogenic sediments into the mafic and 
ultrarnafic Pampalo Formation. In this formation, 
massive tholeiitic flows and breccias, and komatiite 
flows with rarerelict cumulus features and brecciated 
flow tops are overlain by a thick, poorly exposed and 
undifferentiated sequence of graywackes. 

In the southern part of the schist belt, turbiditic 
sediments appear to overlie the low rank banded iron 
formations of the Ukkolanvaara Formation. The 
Ruukinpohja Formation, not sampled for this study, 
may represent the lowest exposed unit in the schist 
belt and comprises thick massive and pillowed mafic 
lavas abruptly overlain by feldspathic clastic depos- 
its and turbidites. 

Intrusive granitoids and associated porphyry dikes 

Granitoids intruding the Hattu schist belt can be 
classified independently of geochemistry, using a 
combination of mineralogy, texture, geophysical sig- 
natures and isotopic age data. No evidence has been 
found to indicate that any of the presently studied 
granitoids predate deformation of the Hattu schist 
belt sediments, nor has it been possible to establish 
relative intrusive relationships, because granitoids 
form discrete plutons in contact with schist belt rocks 
rather than each other. 

The Silvevaara Granodiorite is the largest pluton 
intruding the Hattu schist belt, and effectively de- 
fines its western margin. It has a strong magnetic 
signature compared to other granitoids, probably due 
to the presence of magnetite. The granodiorite com- 
monly contains hornblende, and in a few places 
pyroxene, within a medium-grained groundmass in- 
terstitial to tabular and weakly oriented K-feldspar 
phenocrysts. Ion-probe single-grain zircon studies 
(Sorjonen-Ward and Claoué-Long 1993) indicate 
the presence of xenocrystic zircons up to 3.19 Ga, 
although most define a chord intercepting the 
concordia at 2757+4 Ma, which is interpreted as the 
age of emplacement of the pluton. No chemical 
analyses of this intrusion are available at present, but 
the results of Sm-Nd isotopic studies will be present- 
ed and discussedbelow . Plagioclase porphyritic dikes, 
whose origin and interpretation is contentions, due to 
anomalously old ages (Vaasjoki et al., 1993, this 
volume), intrude country rocks close to the western 

margin of the Silvevaara Granodiorite, but it is not 
clear whether they are consanguinous. 

The KuittilaTonalite (= Tonalite 1) andTasanvaara 
Tonalite (= Tonalite 2) are both medium-grained 
foliated biotite tonalites containing very few en- 
claves of any kind, and belong to a group of lenticular 
intrusions that can be traced along the entire Hattu 
schist belt. Both plutons appear to have been intruded 
during active regional deformation in similar struc- 
tural settings and have similar U-Pb zircon isotopic 
ages. The Tasanvaara Tonalite age is more precise, 
at 2748I6 Ma, compared to 2745+11 Ma for the 
KuittilaTonalite (Vaasjoki et al., 1993, this volume). 
Therefore, on the basis of field characteristics and 
petrography, some chemical similarity between the 
two intrusions might be anticipated. Numerous 
porphyritic tonalite dikes containing phenocrysts of 
quartz and oscilliatory zoned plagioclase occur along 
the western margin of the Kuittila Tonalite, although 
mutual intrusive relations have not been established. 
One of these dikes does however reveal an age of 
2756I6 Ma which, at a 2 confidence level, overlaps 
with the age of the tonalite. The central part of the 
Kuittila Tonalite is a finer grained and more 
leucocratic trondhjemitic lithology but because of 
poor exposure it is difficult to establish whether this 
is a gradational or sharp contact. The Viluvaara 
Granodiorite (= Tonalite 3) forms the eastern bound- 
ary of the central segment of the Hattu schist belt and 
is characteristically medium-grained, with tabular 
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K-feldspar phenocrysts up to 3-4 cm in size, except 
at the margin, where K-feldpsar phenocrysts are 
lacking and the rock resembles the Kuittila and 
Tasanvaara tonalites. 

The Naarva Leucogranite is a tourmaline-rich 
two-mica granite forming a discrete elongate pluton 
along the northwestern margin of the schist belt. It 
varies from aplitic to pegmatitic, with tourmaline 

rosettes up to 20 cm across and commonly displays 
lithological banding due to variations in both grain 
size and tourmaline abundance. In many places this 
layering is folded with a geometry similar to that in 
country-rock sediments, while enclaves record evi- 
dence of earlier deformation. Therefore, although no 
U-Pb isotopic data are available yet, the intrusion is 
clearly syntectonic. 

Age of Hattu Schist Belt 

Detailed descriptions of all of the U-Pb zircon ages tains some older inherited zircon. Two other supra- 
measured from this belt are given in Vaasjoki et al. crustal rocks give ages of 2754 f 6 Ma and 2744 
(1993, this volume). In brief, the supracrustal vol- f 6 Ma while a Hattuvaara metagraywacke has an age 
canic and metasedimentary rocks have U-Pb zircon of 2761 tr 1 1 Ma. These data show that the bulk of the 
ages from 2726 f 14 Ma (a Tiittalanvaara conglom- volcanic and intrusive activity occurred at approxi- 
erate porphyry clast) to 2859 f 50 Ma (a Poikopaa mately 2750 Ma; the isotopic data are unable to 
crystal-lithic sediment). The latter apparently con- discriminate events with more precision. 

Metamorphic Conditions 

Mineral assemblages in the Hattu schist belt rocks 
indicate prograde metamorphism reached upper 
greenschist, lower amphibolite facies. The 
metasediments are mostly mica schists containing 
quartz + plagioclase + potassium feldspar + sericite 
f biotite + chlorite f tourmaline. Several samples 
contain andalusite pseudomorphs (now muscovite + 
kyanite) that possibly resulted from contact meta- 
morphism associated with abundant tonalite- 
granodiorite intnisions. Staurolite is not common 
which may reflect a lack of aluminous compositions 
rather than a lack of sufficient temperature. Garnet 
occurs in more Fe-rich rocks and in some samples is 
particularly rich in Mn. The garnet is commonly 
associated with chlorite making it difficult to find 

suitable samples for biotite - garnet geothermometry. 
Temperatures calculated for seven samples with sta- 
ble biotite - garnet grain boundaries give a range 
from 490 "C to 640 "C depending on the solution 
models used (Table 1). Removing outliers, and 
taking into account the high Mn is some garnets, our 
best estimates from these metagraywackes indicate a 
temperature peak of 550 f 50 "C. 

All of the basalt samples have been converted to 
hornblende + plagioclase assemblages rather than 
chlorite-epidote-actinolite, consistent with T 500 "C 
at 3-5 kb (Apted & Liou, 1983). Assemblage stabil- 
ity is very dependent on CO, activity however, so 
that at low CO,, which may be present in unaltered 
parts of the schist belt, albite-actinolite hornblende 

Table 1. Equilibration temperatures using garnet-biotite FeIMg partitioning from Hattu schist belt 
metagraywackes. 

Location Sarnple Number FS temp. "C PL temp. "C HS temp. "C 

Korvilansuo R326167C 484-536* 553-585 539-595 

Muurinsuo 

Muurinsuo 

Iso Kivijärvi 

Kuljunki 

Enonsuo 

Pieni Kivijärvi PGW88-2108 514-572* 571-606 557-622 

FS = Ferry and Spear, 1978; PL = Perchuck and Lavrenteva, 1983; HS = Hodges and Spear, 1982 
*garnets with high Mn contents. These give low temperatures by the solution models of Ferry and 
Spear (1978) because of the lack of a Mn correction. 
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may be present in greenschist facies (Will et al., quartz matrix (these samples tend to appear much 
1990). Only rarely do relict phenocrysts appear to be less recrystallized in handsample than in thin sec- 
preserved in the basalts. In contrast, many of the tion). The intrusive rocks have the least growth of 
more felsic volcanics contain zoned feldspar metamorphic minerals, yet nearly all samples have 
phenocrysts in a recrystallized biotite + feldspar f polygonal, recrystallized textures. 

SAMPLING AND ANALYTICAL PROCEDURE 

The Archean Hattu Schist belt rocks have been 
subjected to a metamorphic event reaching lower 
amphibolite facies, while isotopic evidence seems to 
indicate another metamorphic overprint in some ar- 
eas ca. 1.8 Ga (Kontinen, et al., 1992; O'Brien et al., 
1993, this volume). Additionally, large amounts of 
hydrothermal fluids associated with Au mineraliza- 
tion moved through major shear zones in the schist 
belt (Bornhorst and Rasilainen, 1993, this volume). 
This widespread hydrothermal activity caused retro- 
gressive alteration characterized by chlorite-musco- 
vite-biotite-albite-epidote-carbonate assemblages 
(Nurmi et al., 1993, this volume). For these reasons, 
caution must be used when interpreting geochemical 
data from these rocks. The Hattu schist belt samples 
were selected from a larger set of outcrop and drill- 
core samples and represent the extended type set of 
Bornhorst et a1.(1993, this volume). Only samples 
from outside prospect areas (thus avoiding areas 
most affected by hydrothermal alteration) and sam- 
ples that did not contain visible alteration or miner- 
alization were used. Geochemical screens were then 
applied to this subset to remove obviously altered 
samples. Elements that act as markers of hydrothermal 
alteration in the Hattu schist belt include boron, 
tungsten, molybdenum, tellurium, silver and gold 
(Bornhorst and Rasilainen, 1993, this volume). All 
samples with anomalous values of these elements 
were excluded from diagrams and discussions. Fur- 
thermore, throughout the following discussions, our 
emphasis will be on the less mobile elements (e.g., 
transition elements like Ni & Cr, and major elements 
Fe, Ti, Al) to minimize the effects of hydrothermal 
alteration that seems to be present to some extent in 
nearly all of the Hattu schist belt samples. 

Although a large data set was used in this study, 
213 samples before geochemical screening, it is 
difficult to be absolutely sure that the sample popu- 
lation is proportional to the volume of each of the 
rock types in the Hattu schist belt. The volcanics 
sample population is dominated by mafic/ultramafic 
and felsic compositions. Intermediate volcanics are 
not abundant in the sample population and we be- 
lieve they are relatively sparse in the stratigraphic 
section. Metagraywackes are abundant in the sample 

set reflecting their predominance in the field. Most 
of these are intermediate in composition between the 
mafic volcanics and the felsic volcanics/intrusives. 
The proportion of intrusive rocks in the sample set 
roughly correlates to their areal distribution in the 
field and are tonalite, granodiorite or trondhjemite in 
composition. 

Major and trace compositions of the Hattu schist 
belt extended type samples are given in the appendix 
(available in spreadsheet format from the senior 
author). Samples are designated in most cases by 
their field sample number (e.g., HJO-88-32) or, in 
the case of the volcanics, a short label is used (e.g., 
V10) to allow clarity in the diagrams. Major and 
trace elements for the data set were analyzed by 
various analytical techniques at XRAL laboratories, 
Canada. Details of sample preparation methods, 
analytical techniques used for each element, analyt- 
ical errors and appropriate detection limits are given 
in Bornhorst et al. (1993, this volume). Some obvi- 
ous problems with the data set include rather large 
analytical errors for rare earth elements at low abun- 
dance levels. This limits the usefulness of these 
elements particularly for the komatiites. 

Isotopic analyses of Sr and Nd were made at the 
Unit for Isotope Geology, Geological Survey of 
Finland. 150-300 mg of sample powder was dis- 
solved in teflon-lined bombs using a HF - HNO, 
mixture. Following evaporation the samples were 
brought to dryness again as chloride salts, and 
redissolvedin 1.5 NHC1. This solution was aliquoted 
for spiking by isotopic tracer solutions. In the older 
set of samples, the REE fraction was collected from 
the primary chromatography columns and Nd and 
Sm were separated in methanol-based solutions 
(Huhma, 1986). For the newer set of samples, Sr and 
Rb fractions were collected from the primary col- 
umns as well as the REE fraction. Nd and Sm were 
separated using dilute HC1 in HDEHP teflon col- 
umns (Richard et al., 1976). The isotopic composi- 
tions of Sr (+ Rb in spiked samples) and Nd (+ Sm in 
spiked samples) were measured on a VG sector 54 
thermal emission mass spectrometer at the Geologi- 
cal Survey of Finland. Relevant normalization fac- 
tors and results from standards are given in Tables 2 
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and 3. The Rb and Sr isotope dilution concentration spikes'and mass spectrometer techniques. They are, 
data presented here are preliminary because of diffi- nevertheless, considerably more accurate than the 
culties with attaining absolutely complete sample XRF values reported in the appendix. 
dissolution and development of new isotope dilution 

GEOCHEMISTRY OF VOLCANICS 

Major and compatible trace elements of volcanics 

As an additional geochemical screen to discern 
altered volcanic type samples, the data are plotted in 
total alkali vs. SiO, (TAS, Fig. 2). The bulk of 
samples plot below the line demarcating typical calc- 
alkaline from alkaline rock types and cluster into two 
major groups, basalts and dacites. Even though all of 
the type samples were taken from nonprospect areas 
and no alteration is discernible in hand sample, each 
of the samples in Fig. 2 with high K 2 0  + Na20 is from 
the vicinity of a known alteration zone. We have 
therefore chosen to exclude all of the volcanic sam- 
ples with unusually high K20 + Na,O, assuming that 
they represent altered magma compositions. 

The least altered Hattu schist belt volcanics re- 
maining after geochemical screening are plotted in 
A120, - FeO+Fe,O,+TiO, - MgO (cation %, Fig. 3). 
The elements comprising this diagram are relatively 
irnrnobile (Jensen, 1976), and therefore give a rea- 
sonably true picture of the magma compositions that 

- Volcanics 

. 
4- 

formed these rocks. Using the original designations 
of Jensen (1976), three of the samples plot within the 
field for peridotitic komatiites, five plot within the 
field of komatiitic basalt and the remainder are 
tholeiitic and calc-alkaline series rocks. Three of the 
prirnitive samples (V8, V10, V1 1) plot very near the 
komatiite - tholeiite divider. These three samples 
represent the most primitive Hattu basalts and hence 
most likely parental magmas of any proposed Hattu 
schist belt volcanic series. Six of the other basalts are 
classified as Fe-tholeiites using the divisions of Fig. 
3. The ten tholeiites with the highest combined Fe + 
Ti in Fig. 3 have higher TiO, contents at a given 
Fe,O,,toL than the remaining basalts (Fig. 4). These 
higher TiO, contents are more typical of Archean 
tholeiitic basalts in general (Condie, 1990). Based 
on TiO, content, the basalts will be subdivided into 
tholeiites (ten samples) and low-Ti tholeiites (six 
samples) in subsequent discussions. Although there 

Cation % 

Fig. 2. Total alkali (Na,O + K,O) - SiO, for the Hattu schist belt Fig. 3. A1,0,- FeO+Fe,O,+TiO, - MgO diagrarn (after Jensen, 1976) 
volcanic rocks. The fields are those from LeBaset al, 1986. BAS=low for the Hattu schist belt volcanics. Abbreviations are as in Fig. 2. 
K basalt, ANkandesite, DAC=Dacite, RHY=rhyolite. Sarnples with 
unusually high Na,O + K,O are not used in subsequent diagrams and 
discussions. 
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dacites. Samples discussed in the text are labeled and the "V" label is 
given for each of the volcanic rocks in the appendix. 

Volcanics 

- v22 

v21 ** 
,v19 V13 

iOV25 
*o* 0 

v10 . 
x X # 

Komatlite 
u 

0 Low-Ti Tholeiite 
Tholeiite 

x AndecitelDacite 
, , , , , , ,: 

0 
10 20 100 200 1000 

Cr ( P P ~ )  
Fig. 6. Ti02 - log Cr diagram for the Hattu schist belt volcanics. The 
tholeiite trend projects away from the calc-alkaline rocks whereas the 
low-Ti tholeiites plot at the Cr-rich end of the calc-alkaline trend. 

is some scatter, the low-Ti tholeiites are positioned at 
the Fe-rich end of the calc-alkaline trendin Fig. 4 and 
plot with calc-alkaline basalts V25 and V26. Sam- 
ples forming the remainder of the calc-alkaline trend 
in Fig. 4 are andesite to dacite in composition. 

Given that these are five spatially related volcanic 
rock types (komatiite, tholeiite, low-Ti tholeiite, 
calc-alkaline basalt and andesitelrhyolite), fractional 
crystallization schemes can be tested to determine if 
these rock types are genetically related. For exarn- 
ple, with increasing TiO, in the tholeiites, A1,03 
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Fig. 5. AI2O,-TiO, diagram for the Hattu schist belt volcanics. The 
tholeiite fractionation path is from V13 to V22. 

contents decrease very slightly (Fig. 5). ~ h i s  is con- 
sistent with the fractionation of small amounts of an 
aluminous mineral, the most likely in these magma 
compositions being plagioclase. Slight negative Eu 
anomalies in the sarnples which plot at the Ti0,-rich 
end of the tholeiite trend in Fig. 5 (e.g., V22) also 
suggest small amounts of plagioclase removal (see 
below). The low-Ti tholeiites are positioned at the 
mafic end of the calc-alkaline trend which extends to 
low TiO, contents at nearly constant A1,03. This 
array is consistent with fractional crystallization of 
ilmenite or Ti-bearing magnetite without large 
amounts of plagioclase. Consequently, we would 
expect to see little or no negative Eu anomalies in the 
andesites and dacites, as indeed is the case (see 
below). 

The tholeiites form a relatively well defmed array 
in TiO, versus log Cr (Fig. 6) with a variation in Cr 
content from>350 ppm to 4 0  ppm. This continuous 
array with increasing TiO, and rapidly decreasing Cr 
content (note the log scale in Fig. 6) strongly sug- 
gests fractionation that does not involve the removal 
of magnetite or ilmenite. The separation of the 
tholeiites from the komatiites is clear in this diagram. 
However, theprimitive basalts V8, V10 andV11 plot 
relatively close to the komatiite field and together 
with the remaining low-Ti tholeiites are positioned at 
the Cr-rich end of the calk-alkaline trend. The spread 
of andesite and dacite compositions in Fig. 6 is 
consistent with the fractional crystallization of both 
a Cr-bearing mineral (e.g., clinopyroxene) and as 
described above, ilmenite or magnetite. 

Whereas the diagrams involving TiO, (Fig. 4-6) 
show the tholeiite fractionation trend extending away 
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Fig. 7 a. V versus SiO, b. Sc versus MgO diagram for the Hattu schist 
belt volcanics. 

from the low-Ti tholeiites and calc-alkaline basalts, 
the elements V and Sc show the opposite (Figs. 7a & 
7b). The least fractionated tholeiites (e.g., V13) have 
very high V and Sc, and both elements decrease 
toward the most evolved tholeiite (V22). All of this 
occurs with only slight variation in MgO and SiO, 
(Fig. 7). However, two tholeiites (V19 and V21) 
have high Sc and V contents even though they are 
relatively low in Cr (cf. Fig. 6) .  This requires that at 
least some Cr depletion in the tholeiites was not 
accompanied by Sc and V depletion and that the loss 
of a mineral such as chromite also played an irnpor- 
tant role in the tholeiites. Clinopyroxene fractionation 
alone or clinopyroxene + magnetite would produce a 
sympathetic loss of Cr, Sc and V like that seen in the 
andesites and dacites. As described above, signifi- 
cant magnetite fractionation in the tholeiites is 

Fig. 8. Cr versus MgO wt.% for the Hattu schist belt volcanics. In this 
diagram the fractionation path of the tholeiites is distinct from the low- 
Ti tholeiites and appears to reflect the importance of chromite removal. 
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unlikely based on 'ffO, contents. 
The importance of chromite fractionation in the 

tholeiites is confirmed by Cr versus MgO (Fig. 8). Cr 
contents drop off to very low values even though 
MgO contents remain relatively high. In contrast, 
the less dramatic depletion of Cr relative to MgO in 
the low-Ti tholeiites suggests clinopyroxene 
fractionation control rather than chrornite. Similar 
clinopyroxene-controlled fractionation trends would 
also describe the range of komatiite compositions in 
Cr - MgO (Fig. 8). The dacites have low Cr and MgO 
contents, as expected after considerable evolution 
and mafic rnineral removal. 

Fractional crystallization of olivine is the most 
likely mineral to have depleted Ni significantly over 
a small range in MgO in the tholeiites and low-Ti 
tholeiites. The komatiite Ni contents do not signifi- 
cantly decrease over 20 wt.% MgO further confirm- 
ing the dominance of clinopyroxene fractionation 
and a lesser importance of olivine fractionation. The 
andesites and dacites are distinctly separated in Fig. 
9. The andesites have Ni concentrations as high as 
many of the tholeiites and low-Ti tholeiites. 

In summary the two tholeiite trends appear to have 
been dominated by somewhat different fractionating 
mineralogies. The tholeiites can be explained by 
olivine + chromite clinopyroxene plagioclase re- 
moval. The low-Ti tholeiite compositions are con- 
sistent with the removal of clinopyroxene + olivine + 
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magnetite without significant amounts of plagioclase. 
The possibility of a magma series in the Hattu schist 
belt is worth further testing. The data appear to be 
more consistent with andesite evolution from mag- 
mas like the more primitive low-Ti tholeiites (V8, 
V10, V11) than magmas like thecalc-alkaline basalts. 

L . . . . l . .  . . l .  . .  . l . .  . . i  

0 10 20 30 40 Fig. 9. Ni versus MgO wt.% for the Hattu schist belt volcanics. The 

MgO ~ t . O / o  
tholeiites and low-Ti tholeiites show considerable overlap whereas in 
this diagram the andesites are clearly separated from the dacites. 

Incompatible trace elements of volcanics 

The REE profiles of the Hattu schist belt komatiites 
are unusual when compared with other komatiite 
suites in the world. For example, the komatiites from 
Kuhmo, Suomussalmi and Tipasjarvi, 150 to 300 km 
north of the Hattu schist belt, show a range in overall 
REE enrichment, but all have flat or light rare earth 
element (LREE) depleted profiles (Jahn et al., 1980). 
In contrast, the few Hattu schist belt komatiites we 
have analyzed have LREE-enriched patterns (Fig. 
10a). Although this could be an extremely important 
observation considering the importance placed on 
the worldwide extent of depleted mantle sources by 
Jahn et al. (1980), we believe instead that it is a 
function of modification of the more mobile trace 
elements in the Hattu schist belt komatiites. Concen- 
trations of relatively mobile incompatible elements 
such as Cs, Rb and Ba (see Fig. 12a, below) have 
likewise been modified. Although a few samples 
apparently show relict primary volcanoclastic fea- 
tures (Sorjonen-Ward, 1993a, this volume) all are 
recrystallized as serpentinites or talc schists. In light 
of this evidence for alteration, we speculate that none 
of the analyzed Hattu schist belt komatiites represent 
original magma compositions in terms of rare earth 
and incompatible elements. 

Rare earth element concentrations and profiles of 
the Hattu schist belt basaltic rocks are however, very 
similar to basalts from Kuhmo, Suomussalmi and 
Tipasjarvi. The REE profiles of these rocks have 
been divided into two panels in Fig. 10 (b and c) 

according to profile type. Tholeiites and low-Ti 
tholeiites with relatively flat REE profiles (Fig. 10b) 
are primitive with MgO ranging from 8.8 to 6.5 
weight % in the tholeiites and 10 to 6.6 weight % in 
the low-Ti tholeiites. The low-Ti tholeiites have a 
tendency to show slight LREE enrichment although 
the profiles are not curved. The differences in LREE 
enrichment are better presented in (LdSm), - Sm 
(Fig. 11) which shows that although there is overlap, 
the low-Ti tholeiites have higher (LdSm), at a given 
Sm, (subscript N refers to chondrite normalized 
value). 

Basalts with LREE-enriched patterns include 
tholeiites V15, V17 and V22 and low-Ti tholeiites 
V8 and V24, and calc-alkaline basalt V25 (Fig. 10c). 
The REE profiles and MgO contents of the three 
tholeiites are very similar to more evolved samples 
from the Tipasjarvi tholeiitic series reported by Jahn 
et al. (1980). We interpret the slight negative Eu 
anomalies in these three samples (Fig. 10c) to repre- 
sent minor plagioclase fractionation rather than post- 
magmatic alteration as suggested for some Archean 
tholeiites (Sun and Nesbitt, 1977). The elevated 
LREE profiles of basalts V24 and V25 (Fig. 10c) 
cannot be the result of enrichment by fractional 
crystallization of large amounts of REE-poor mafic 
minerals because these two basalts have MgO con- 
tents (6.9 and 5.6 weight %, respectively) similar to 
several of the basalts with flat REE profiles. Low-Ti 
tholeiite V8 is even more primitive (9.7 weight % 
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tholeiites with flat REE patterns c. tholeiites and low-Ti tholeiites with enriched REE patterns d. intermediate e. evolved. Chondrite REE values 
from Boynton, 1984. 

MgO) yet is LREE-enriched. 
The andesites and dacites have strongly fractionated 

REE profiles (Fig. 10d) in accord with their evolved 
compositions. However, the bulk of the dacite sam- 
ples (MgO from 1.25 to 0.58 wt.%) have REE con- 
centrations no higher than those of basalts V24 and 
V25. This implies that either the dacites evolved 
from basaltic parents of a different composition than 
V24 and V25 or that a REE-rich phenocryst mineral, 
for example apatite, was important in their evolution. 
Only one Hattu schist belt andesite or dacite has 
HREE depletion characteristic of Archean granitoids 

and felsic volcanic rocks commonly seen in other 
Archean greenstone belts (e.g., Martin, 1986; Condie, 
1992). 

Average incompatible trace element compositions 
(mantle normalized) for each of the Hattu schist belt 
volcanic rock types are plotted in Fig. 12a. The 
average tholeiite and low-Ti tholeiite on this diagram 
exclude the enriched samples depicted in Fig. 10c. 
The two basalt groups and the komatiites show 
redistribution of the more mobile elements (e.g., Cs, 
Rb, Ba). Towards the right of Fig. 12a, considering 
less mobile elements, the two tholeiite groups are 
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very similar, although the low-Ti tholeiites are some- 
what lower in Tb, Y, Yb, Lu and of course, Ti. As 
expected, the profiles of the intermediate and evolved 
rocks are elevated relative to the basalts except for 
large negative Ta, Nb and Ti anomalies and low Y, 
Yb and Lu. In Fig. 12b LREE-enriched, low-Ti 
tholeiites V8 and V24 and calc-alkaline basalt V25 
are compared with average tholeiites and low-Ti 
tholeiites with flat-REEprofiles. The enrichments in 
incompatible elements of basalts V24 and V25 are 
almost as high as those seen in the intermediate and 
evolved rocks. 

Fig. 1 1 .  La/Sm - Sm (chondrite normalized) for the Hattu schist belt 
tholeiites and low-Ti tholeiites compared to the field for MORB (Sun 
and Nesbitt, 1977). 

GEOCHEMISTRY OF INTRUSIVE ROCKS 

Major and incompatible trace elements of intrusive rocks 

The Hattu schist belt intrusive samples come from 
three separate plutons, the Kuittila, Tasanvaara and 
Viluvaara plutons. The Kuittila and Tasanvaara 
plutons are dominated by tonalite, whereas the 
Viluvaara pluton is mostly granodioritic with only a 
rim of tonalite against the supracrustals (Fig. 1). To 
illustrate the geochemical similarity of these intru- 
sive rocks to the volcanics, the intrusive samples are 
plotted in a total alkali vs. SiO, (TAS) diagram (Fig. 
13). All but two samples plot below the line demar- 
cating typical calc-alkaline from alkaline rock types. 
As in the case for the volcanics, these two samples 
have been removed from further discussion. The 
intrusives cluster in the dacite and rhyolite 
compositional fields, while the sample at low SiO, is 
a metagabbro (amphibolite) probably related to the 
basalts. Petrographically the bulk of the samples are 
tonalites, minor granodiorites and trondhjemites. In 
terms of normative feldspar composition (0 '  Connor, 
1965), the bulkof the samples plot in the trondhjemite 
field (Fig. 14) and in the granodiorite field of the 
quartz-alkali feldspar-plagioclase diagram (Fig. 15; 
LeMaitre, 1989). 

K,O, Na,O and A1,0, of the intrusive samples 
plotted against SiO, produce a cluster of data points 
without any obvious trends (Fig. 16a). Many of the 
least compatible trace elements, including Ba, Cs, Li, 
Pb, Rb, and Sr show a similar lack of correlation with 
SiO,. In contrast, major elements, TiO,, Fe,O,, 
MgO, CaO, P,O, and compatible trace elements Co, 

Cr, Ni, Sc, V all decrease linearly with increasing 
SiO, from tonalite to granodiorite to trondhjemite 
(Fig. 16b,c). Hf, Zr and the light and middle rare 
earth elements also decrease with increasing SiO,, 
most likely due to the fractional crystallization of 
zircon and apatite, respectively. The very low P,O, 
contents of the most evolved rocks (Fig. 16c) sug- 
gests fractionation of a phosphate mineral (i. e., 
apatite andlor monazite). 

Although the plots using SiO, (Fig. 16 a-c) can be 
used to distinguish different rock types, none differ- 
entiate the three plutons from each other. If, howev- 
er, MgO is used on the abscissa as an index of 
fractionation, some coherent correlations emerge. 
Cr - MgO (Fig. 16d) and Ni - MgO (not shown) 
exhibit two relatively continuous trends, with the 
Kuittila tonalites comprising a distinctly higher Cr 
(and Ni) group. The Kuittila tonalites can be further 
subdivided into two groups separated at about 2 wt. 
% MgO, where there is a slight bend and gap in the 
Cr - MgO trend (Fig. 16d). The Tasanvaara and 
Viluvaara tonalites and the granodiorites and 
trondhjemites from Kuittila represent the lower Cr 
(and Ni) trend. Based on field relationships, it is 
apparent that the central trondhjemite body of the 
Kuittila pluton represents a separate intrusive phase. 
These data suggest the possibility that the Kuittila 
trondhjemites evolved from tonalitic magmas more 
closely allied to the Tasanvaara pluton composi- 
tions. 
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mantle values are from McDonough et al., 1985. 
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E: Granite 

Albite Orthoclase 
Fig. 14. Normative feldspar compositions of the Hattu schist belt 
intrusive rocks. After O'Connor, 1965. 

Fig. 13. Total alkali (Na,O + K,O) - SiO, for the Hattu schist belt 
intrusive rocks. The two sarnples with high (Na,O + K,O) are not used 
in the following discussions. 

Intrusives 
Q The feldspar porphyry dikes cover the entire 

Populated Fields compositional range of the intrusive rocks, but im- 
3b=monzogranite portantly do not lie significantly outside this range. 
4=granodiorite One feldspar porphyry dike (P50617.2, Fig. 16d) 
5=tonal ite plots at the primitive end of the tonalite trend and 
S'=quartz monzOdiorite may represent an initial Kuittila tonalite magma. 

Fig. 15. Normative quartz (Q) - alkali feldspar (A) - plagioclase (P) 
compositions ofthe Hanu schist belt intrusive rocks. After LeMaitre 
(1989). 
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Incompatible trace elements of intrusive rocks 

Fig. 17. Chondrite-norinalized REE diagram for Hattu schlst belt 
intrusive rock averages. The Kuittila tonalite samples have been 
divided into two types depending on MgO content. 

Average Kuittila and Tasanvaara tonalites have 
similar REE profile shapes and concentrations if the 
most evolved tonalites are considered separately 
(Fig. 17). The Tasanvaara samples, however, have 

slightly higher HREE concentrations. REE concen- 
trations in the Kuittila samples progressively de- 
crease from tonalites to evolved tonalites to 
trondhjemites, yet essentially the same REE profile 
is maintained. All three of the Kuittila profiles 
exhibit a negative Eu anomaly, suggesting some loss 
of plagioclase before or during crystallization of the 
plutons. The granodiorites, on the other hand, have 
a steeper REE profile and do not have the negative Eu 
anomaly displayed by the tonalites. 

The one distinction we can make between the 
feldspar porphyry dikes and the tonalites is that the 
dike rocks lack a negative Eu anomaly. This is 
reasonable if the feldspar porphyry dike rocks repre- 
sent initial magma compositions unaffected by crys- 
ta1 accumulation effects and may indicate that most 
of the modification of the pluton rocks by crystal 
accumulation (crystal growth on walls, or crystal 
settling) occurred after pluton emplacement. 

The incompatible trace elements to the left of La 
remain at essentially the same concentration through- 
out the range of Kuittila pluton sample compositions 
(Fig. 18, lower panel). An absence of enrichment of 
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Fig. 18. Primitive mantle-normalized incompatible element diagram for Hattu schist belt intrusive rock?. 
Primitive mantle values are from McDonough et al., 1985. 
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these normally highly incompatible elements with creasing concentration with decreasing MgO (except 
increasing SiO, requires that appropriate minerals Sr, Fig. 18). The decrease in concentration is consist- 
(e.g., Ba, Sr in alkali feldspar; Cs, Li, Rb in biotite or ent with significant apatite and zircon fractional 
muscovite; Sr, U, Th, Pb in zircon and apatite) crystallization as suggested by the P,O, data. Incom- 
accumulated in sufficient quantities to maintain rough- patible element concentrations of the porphyry dikes 
ly constant concentrations in all daughter magmas. are quite similar to those in the tonalites (Fig. 18, top 
Incompatible elements to the right of La show de- panel). 

MAGMA SOURCES AND TECTONIC SETTING 

Sr Isotopes 

Whole rock Sr isotope work was carried out on 9 
samples from the Kuittila tonalite pluton. Sr isotopic 
analyses have not been done, to any extent, at the 
Geological Survey of Finland for a number of years 
because of the early recognition of problems associ- 
ated with resetting of this isotopic system during 
Proterozoic metamorphism in much of Finland (e.g., 
Wetherill et al., 1962). 

Listed in Table 2 are the Sr, Rb concentrations, Sr 
isotopic compositions and calculated uniform reser- 
voir (UR) model ages for one feldspar porphyry dike, 
three trondhjemite and five tonalite samples from the 
Kuittila pluton. Fig. 19 presents the Kuittila * ' S I - / ~ ~ S ~  
- 87Rb/R6Sr data and an isochron calculated according 
to the method of York (1969) using the program 
ISOPLOT (Ludwig, 1988). The samples define an 
isochron of 2789 zk 290 Ma with an initial 87Sr/8?3r of 
0.70146 + 0.0009. The large error in the calculated 
age is due to the small spreadinRbISr, the probability 
of some real scatter in initial ratios, the possibility of 
some redistribution of Sr and Rb during upper 
greenschist to lower amphibolite metamorphism and 
the analytical difficulties mentioned above. Al- 
though imprecise, this age compares well with the 
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Fig 19 Rb - Sr isochron for 9 Kuittild pluton whole-rock sarnple5. 
Slope of thc Iine gives an age of 2790 f 290 Ma. 

2750 Ma U-Pb zircon age from the pluton (Vaasjoki 
et al., 1993, this volume). Calculated T,, model ages 
from these Sr data (mean of 2863 Ma, median of 2984 
Ma) compare favorably to Kuittila Nd T,, model 

Table 2. Sr, Rb concentrations by isotope dilution and Sr isotopic compositions of samples from the Kuittila pluton, 
Hattu schist belt. 

Sample Rocktype Rb (ppm) Sr (ppm) 87~b186~r 87~r186~r T~ m * 
P479f9.9 Granodiorite 74.23 916.5 0.23451 0.711135*7 299 1 

Tonalite 

Tonalite 

Granodiorite 

Tonaiite 

Feldspar Porph. 

Granodiorite 

Tonalite 

Tonaiite 

Ali isotopic ratios normalized to 86~r /88~r  = 0.1 194. Measurements of 87~r /86~r  on National Bureau of Standards 
SRM987 (n=33) during the period of sample analysis gave 0.710232122 (2 G,). *TUR ages calculated using source 
8 7 ~ b / 8 6 ~ r  = 0.0816, 8 7 ~ r / 8 6 ~ r  = 0.7045. 
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ages given in the next section. These Sr model ages er, becanse Sr model ages are particularly difficult to 
do not allow a large amount of older crustal materia1 interpret, we prefer to rely more on model ages 
in the source of the Kuittila tonalite magma. Howev- calculated from Nd data. 

Nd isotopes 

In addition to the 9 Kuittila samples described 
above, 5 other intrusive rocks from within or at the 
margin of the Hattu schist belt have been analyzed 
for Nd isotopic composition and Nd, Sm concentra- 
tions (Table 3). These samples include a felsic 
porphyry dike from Kivisuo, an additional Kuittila 
tonalite sample, a tonalite sample from the Tasanvaara 
pluton and 2 granodiorite samples from the Silvevaara 
pluton, intruded into the metasediments on the west- 
ern edge of the Hattu schist belt. The small range in 
Sm/Nd of this set of 14 samples does not allow an 
isochron to be calculated. Instead, we must rely on 
the interpretation of Nd model ages and E,, calculat- 
ed for 2750 Ma, the best U-Pb zircon age estimate for 
these plutons (Vaasjoki et al., 1993, this volume). 
Inherent in these calculated values is the possibility 

of open-system behavior of Nd and Sm. If SmINd 
fractionation occurred within the scale of the whole 
rock samples, for example in the Proterozoic, then 
any calculated Archean E,, values are meaningless. 

Therange of ~ ~ ~ ( 2 7 5 0 )  for all of the intrusive rocks 
from within the Hattu schist belt is small, from +0.9 
to +2.1, and all have a T,, age close to 2.8 Ga. The 
three Silvevaara granodiorite samples have instead, 
lower ~ ~ ~ ( 2 7 5 0 )  from -0.4 to -2.1 and older T,, ages 
near 3.0 Ga. A straightforward interpretation of T,, 
ages is that they represent the time at which large Sm/ 
Nd fractionation occurred during crust extraction 
from the mantle, leaving behind a depleted mantle 
residuum. The similarity of intrusion and T,, ages 
of the Kuittila and Tasanvaara tonalites and the 
feldspar porphyry dikes strongly imply that there 

Table 3. Nd, Srn concentrations by isotope dilution and Nd isotopic compositions of sarnples frorn the Hattu schist belt. 

Sample Rockty~e Sm Nd @pm) 147~m/144~d 143~d1144~d e~d(2750) TcHUR* TDMs 
P47919.9 Kuittila granodiorite 1.29 6.47 0.1200 0.511269I07 4 . 5  2702 2892 

Kuittila tonalite 

Kuittila tonalite 

Kuittila granodiorite 

Kuittila tonalite 

Kuittila feld. porph. 

Kuittila granodiorite 

Kuittila tonalite 

Kuittila tonalite 

Kivisuo feld. porph. 

Kuittila tonalite 

Tasanvaara tonalite 

Kelsimä granodiorite 

Kelsimá granodiorite 
Kelsimä granodiorite 
Poikapää mfic lava 

duplicate 

Tiittalaovaara amphib. 
Poikapää meta-andesite 

duplicate 

Poikapää metadacite 

duplicate 

Hattuvaara mica schist 

Ukkolanvaara m. schist 

duplicate 
Le~~ärinne mica schist 

All isotopic ratios normalized to 146~d /144~d  = 0.7219. Measurements of 1 4 3 ~ d / 1 4 4 ~ d  on Ldolla (n=27) during the period of sample analysis gave 
0.51 185111 1 (2 a. *TCHUR ages calculated using source 147~m/144~d=  0.1967, 143~6 /144~d  = 0.512638. g~~~ ages calculated using 
~ ~ , ( ~ ) = 0 . 2 5 ~ ~ - 3 ~ + 8 . 5 .  
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was not a significant contribution of older crust in 
their sources. In contrast, the Silvevaara intrusion, 
which is not internal to the Hattu schist belt, appar- 
ently had a larger contribution of older crustal mate- 
rial in its genesis. 

Two mafic Hattu schist belt volcanic rocks that 
could provide information on local mantle evolution 
have also been analyzed for Nd isotopes. An 
amphibolite from Tiittalanvaara has slightly deplet- 
ed LREE and gives an ~ ~ ~ ( 2 7 5 0 )  of +1.3, close to 
what is expected for model mantle. In contrast, a 
pillow basalt from Poikopaa has ~ ~ ~ ( 2 7 5 0 )  ca. -6 
(average for two dissolutions). This rather odd value 
could represent Proterozoic Sm/Nd resetting, but 

Trace element discriminants 

Primitive-mantle normalized incompatible element 
patterns can be used as geochemical signatures char- 
acteristic to the particular tectonic regime in which a 
magma was formed. For example, mid-ocean ridge 
basalts (Wood, 1979) typically have curved, con- 
cave-down patterns with increasing concentrations 
towards the least incompatible elements (those ele- 
ments to the right in Fig 12), indicative of partial 
melting of depleted mantle. However, it is important 
to note that caution is necessary when applying these 
diagrams to Archean rocks because of: 1. alteration 
and redistribution of the relatively mobile incompat- 
ible trace elements; 2. uncertainties whether present 
day distinctive trace element signatures are relevant 
to the Archean; 3. fractional crystallization in more 
evolved samples may influence incompatible trace 

clearly, further work is necessary on mafic samples 
from the schist belt. 

The more evolved meta-andesite and crystal lithic 
sediment ("metadacite") (Table 3) from Poikopaa 
are also problematic. The meta-andesite (U-Pb zir- 
con age = 2754 Ma) has a low ~ ~ ~ ( 2 7 5 0 )  of -2.4 
whereas, the sediment (U-Pb zircon age = 2860 Ma) 
has an ~ ~ ~ ( 2 7 5 0 )  of +1.7. If the older zircon age of the 
sediment represents incorporation of older crustal 
material, e.g. inherited older zircon cores, then it 
should have an ~ ~ ~ ( 2 7 5 0 )  lower than that of the meta- 
andesite. The opposite is in fact the case, most likely 
the result of Proterozoic resetting of the Nd isotopic 
system. 

Fig. 20. Fe0,,,1MgO - SiO, for Hattu schist belt basalts. The basalts we 
have termed tholeiite plot appropriately in the tholeiite field whereas 
our low-Ti tholeiite group plots completely within the calc-alkaline 
basalt field of this diagrarn. After Miyashiro, 1974. 

element profiles. 
Condie (1990) has shown that almost all 

Precambrian greenstone basalts have trace-element 
characteristics similar to those of modern subduction- 
related basalts and the elevated Cs, Rb and Ba in the 
Hattu schist belt tholeiites are, to some extent, con- 
sistent with this proposal. It is certain, even given the 
possibility of some incompatible trace element redis- 
tribution in these basalts, that they are unlike MORB. 
The distinctive Ta, Nb and Ti anomalies in basalts 
V24 and V25 (Fig. 12) align these two samples 
closely to subduction-produced basalts (e.g., PerFit 
et al, 1981). 

The tholeiites appear to represent a fractionation 
series that is distinct from the other basalts and 
clearly projects away from the more evolved calc- 

Hattu Basalts 

Fig. 21. Na70 + K,O - FeO,, - MgO for Hattu schist belt basalts. Six 
of nine low Ti tholeiites plot within the calc-alkaline field of this 
diagrtim. After Irvine and Baragar, 1971. 



Hattu Basalts 
45 - 54% Si02 

Fig. 22. MnO (x 10) - TiO, - P,O, [n 10) tectonic discrirninant diagrgram 
withthe Hattuschist belt basalacontainingrl-5 to 54 wt. % Si0,plorted. 
Abbreviations are: IAT = island arc tholeiite, CAB = calc-aikaline 
basalt, MORB = mid-ocean ridgsbasalt, OiT = ocean island tholeiite, 
OIA = ocean island alkalinc basalt. After MuLlen, 1983. 

- h e  rocks. On the other hand, several basalts, 
eg., VIO, V11, and V& have major and compafible 
trace element compositions that would be expected 
of parental magmas of the doalkaline series rocks. 
Several geochemical parameters suggest a calc-alka- 
line afEmy foi- the low-Ti tholeiites. For example, 
all uf the low-Ti tholeiites plot in the calc-alkaline 
field of FeO/MgO - SiQ, (Fig. 20) and many in the 
calc-alkaline field of thefanoiliar AFM diagram (Fig. 
21). The tectonic discriminant plot of TiO, - MnQ - 
P,O,, however, places d o f  tbe basalts excepfV25 in 
the island arc tholeiite fieN (Fig. 22). Condie (1990) 
b s  suggested that Archean greenstones are dominat- 
ed bp basalts typical of islaadarcs whereas Pcoterozoic 
grmstone belts have greaaer amounts of calc-alka- 
line basalts. The Hattu schist belt low-Ti tholeiites 
have characteristics of both island arc tholeiites and 
cak-alkaline basalts and together with the tholeiites 
are distinct from mid-ocem ridge and within plate 
basalts. 
As expected, the prafiles of the intermediate and 

evolv~d rocks are elevaed relative to the basalts 
except for large negative Ta, Nb and Ti anomalies 
andlow Y, Yb and Lu. mnegat ive  Ta, Nb and Ti 
momalies are typical of subduction related magmas 
(e.g., Perfit et al, 1981) while the Y, Yb and Lu 
concentrations, although low, are not as depleted as 
is typical for Archean felsic volcanics (Condie, 1992). 

Thekiattu schist belt internal granitoids hav~com- 
positulns shi1ar to granitoids formed in volcaaic arc 
settings. For example, the discriminant log Rb - log 
(Y+Nb) shows that the Hattu schist belt tonalite and 
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Volmnic Arc Graniticds 

- 1 
1 10 100 1000 

Lag Y + Nb ( P P ~ )  
Fig. 23. Log Kb - log (Y + Nb) tectonic discriminant diagram w&h the 
Hattu schist belt intrusive rocks plotted. After Pearce et al., 1984. 

trondhjemite compositions are within the field for 
volcanic arc granitoids (Rg. 23). Our Nd isotopic 
data are also consistent with an island arc environ- 
ment as the data indicate theseganitoids were formed 
as juvenile additions to the crust at approximately 
2.75 Ga. No evidence exists for significant contrih- 
tion from older, previously stabilized cmst. Howw- 
er, theNd data cannot be used to resolve the issue as 
to whether these granitoids were extracted essential- 
ly direct from melting of oceanic crust or by fraction- 
al crystallization of mantle-derived basalts. 

The Hattu tonalite-trondhjemite-granodiorite 
(TTG) mcks bave REE profiles generally similar to 
those displayed by other Archean TTG suites (Mar- 
tin, 1986) except for higher t r E  than in typical 
Archean tonalites (Condie, 1592). Very low HREE 
and Y contents (1 to 4 times chondrites) in Archean 
tonalia magmas have been suggested ta reflectmelt- 
ing of mtamorphosed, subducting oceanic cmst 
(eclogite) with large amounts of garnet andtor 
amphibole preferentially retaining the HREE and Y 
(Martin, 1986). Post-Archean tonalites, in contrast, 
are suggestd to be products offractional crystalliza- 
tion of basaltic magmas because of their distinctly 
higher HREE and Y contents (6 to 15 times 
chondrites). However, adakites are modem ana- 
logues ts the Axchean TTG, have low HREE and Y, 
and are awarently slab-derlved tonalitic magmas 
(Defant and Drummond, 1990). 

A number of samples from our data set plot well 
within the proposed Archean - Post-Archean tonalite 
HREE and Y gap. Felsic volcanic rocks from the 
Kuhmo penstone belt, v q  simi1ar to those de- 
scribed here, have an even wider range of HREE 
concentrations, from 1 to 15 timeis chondrites (Taipale, 
1988). The siggifcance of these Archean tonaliIic 
magmas with intermediate depletion of HREE in 
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terms of their sources and the processes by which ish greenstone belt tonalites. These data invite fur- 
they were generated is unclear. Perhaps both partial ther scrutiny of models which propose to distinguish 
melting of oceanic crust and fractional crystalliza- these processes based on extent of HREE (and Y) 
tion from basaltic parent magmas generated the Finn- depletion. 

GEOCHEMISTRY OF METASEDIMENTS 

Major and compatible trace elements of sediments 

As a tool to compare the metasediment and volcanic of a group of elements. 
rock compositions, the metasediment samples from The metagraywackes have similar compositions 
the Hattu schist belt extended type set are plotted in to the volcanic rocks including major elements TiO,, 
the total alkali vs. SiO, (TAS) diagram (Fig. 24). The Fe,O, and MgO and compatible trace elements Cr, 
metagraywackes cluster in the volcanic andesite and Ni, Sc, and V at SiO, between 65 and 56 wt. % (Fig. 

. Metasediments 

- 

P 

1 ... . i  i =  , 
- - 

Hattu Schist Belt 
Volcanics 

0 Intrusives 
A Graywackes 

=. 8 . 
. 

I . . . 
8% 

Fig. 24. Total alkali (Na,O + KzO) - SiO, for Hattu schist belt 
metasedimentary rocks. The metasediments at low SiOZ are the Fe- 
formation samples. The metagraywackes range from basaltic andesite 
to dacite in composition. Two labeled samples with high (Na,O + K,O) 2OO0 
are discussed in the text. 

1000 

h 

E 
dacite fields, while the metasediments at low silica 8200 
and K20  + Na,O are the Fe-formation samples. - 
Although the latter, containing garnet - grunerite - 6 100 
magnetite assemblages, are very interesting 
mineralogically, they are nevertheless left out of 
further discussions in this paper and remain an area 20 
of future research. 

In Fig. 25 data for the Hattu schist belt 10 
metagraywackes, volcanics and intrusives have been 30 40 50 60 70 80 

assembled for direct comparison. Because of similar SiO, wt. % 

mm . 
mm . Hattu Schist Belt 

n 

8 

a n a  n 

*. 8 r, ', 

. 
. Volcanics 
- 3 Intrusives 

A Graywackes 

geochemical behavior among many of the elements 
Fig. 25. a. TiO, versus SiO, b. Cr versus MgO diagram for Hattu r h i s r  

we will discuss, only TiO, - Si07 and Cr - Si07 are belt metagray&ackes. The large cluster of samolcs with > 65 - .  
shown in Fig. 25, but each Öf these are representátive wt. % SiO, have no Hattu schist be; volcanic orintruiive equivalents. 



Geological Survey of Finland, Special Paper 17 
Petrogenesis of the late Archean Hattu schist belt, ... 

25 a, b). At 56 wt. % SiO, the metagraywacke field 
nearly intersects the compositional field of basalts. 
This is exemplified by sample HJO-86- 1 18, the most 
primitive metasediment. It is not a true 
metagraywacke because it has 13 wt. % MgO, and 
probably represents very locally derived basaltic 
epiclastic material or reworked pyroclastics. Be- 
cause the lowest SiO, metagraywackes are basaltic 
andesite in composition, the TiO, (and Fe,O,, MgO) 
- SiO, field for metagraywackes points directly to- 
wards the main group of basalts, and implies that the 
basalts represent one important source end member 
for the sediments. A few metagraywackes at low 
SiO, that plot towards the komatiites in TiO, (Fig. 
25a; likewise for Fe,O,, MgO) and Cr (Fig. 25b; 
likewise for Ni, Sc, V) suggest some metagraywackes 
contain a component of komatiites. 

At levels of SiO, greater than 65 wt %, the intru- 

sive and felsic volcanic compositional fields con- 
verge and the fields for volcanics and metagraywackes 
diverge. Relative to the intrusives andfelsic volcanics, 
nearly all of the metagraywackes with higher SiO, 
are enriched the major elements TiO,, Fe,O, and 
MgO and compatible trace elements Cr, Ni, Sc, and 
V in (Fig. 25 a, b). The sediments that formed these 
graywackes cannot be simple mixtures of basaltic 
and felsic volcanogenic material because no appro- 
priate felsic end member exists. There are also a few 
metagraywackes that plot into the intrusive and felsic 
volcanic compositional field at levels of SiO, above 
65 weight %. These metagraywackes, with MgO < 
2 weight %, are indistinguishable from the intrusive 
and felsic volcanics. This strongly suggests these 
graywackes contain a large proportion of felsic vol- 
canic material (?locally derived), or were even formed 
of felsic volcanogenic epiclastic material. 

Rare earth elements of metasediments 

Of the total54 metagraywacke samples analyzed 
for REE, 48 of these can be divided into groups with 
similar REE characteristics according to >3, between 
2 and 3, and less than 2 weight % MgO. In Fig. 26, 
only the high and low MgO groups have been plotted 
far clarity but the samples intermediate in MgO 
content have intermediate REE characteristics. The 
higher MgO group has 35-77 times chondrites La, 

Metagraywackes 1 

Fig. 26. Chondrite-normalized rare earth element (REE) diagrams for 
Hattu Schist Belt metagraywackes. Three metagraywackes have 
relatively flat-REE profileb and one sample is enriched in both LREE 
and FIREE. The REE fields for the higher MgO and lower MgO 
metagraywacke groups pivot about the MREE. The intermediate MgO 
metagraywacke group (not shown) have intermediate REE profiles. 

7.8 - 11 times chondrites Yb, concave-up profiles 
and, on average, small negative Eu anomalies. Three 
outliers have relatively flat REE profiles (Fig. 26), 
basaltic sample HJO-86-118 (13 wt. % MgO) and 
two others HJO-86-115 and HJO-86-109 (4.5 and 
3.8 wt. % MgO, respectively). These three samples 
clearly have a large component of basaltic material. 
The lower MgO group (< 2 weight % MgO) was 

Metagraywacke Groups 
'3 Mg0 >3W0/. 
x 2<MgOwP/.<3 
ti MgO<ZWt% 

ti m T o n a l i t e  Average 

I3 O n  n 

Fig. 27. LalYb - Yb (chondrite normalized) for Hattu schist belt 
metagrdywackes. AII three metagraywacke groups are plotted in this 
diagram. Also plotted is the Kuittila tonalite average and the field for 
the Hattu schist belt basalts. Several samples with unique LdYb or Yb 
(chondrite normalized) cornpositions are labeled and discussed in the 
text. 
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described above as containing a major felsic volcanic 
component and shows REE profiles very similar to 
the felsic volcanics anu tonalites. These meta- 
graywackes have 70 - 120 times chondrites La, 
4.6 - 5.8 times chondrites Yb, less concave profiles 
than the higher MgO group and, on average, more 
pronounced negative Eu anomalies. Sample HJO- 
86-106 is one exception to the pattern in that it has 
elevated LREE and HREE. 

A plot of LatYb, - Yb, (Fig. 27) better displays the 
differences arnong the metagraywacke groups. The 
high and low MgO types are nearly completely 
separated on this diagram, whereas the intermediate 
group overlaps the end members considerably. The 
overall trend is one of increasing (La/Yb), with 
decreasing Yb,, a result of concomitant LREE en- 
richment and Yb depletion as indicated by the fields 
pivoting about the MREE in Fig. 26. The 
metagraywacke samples with < 2 weight % MgO 
have LaIYb, and Yb, values that cluster around the 
Hattu schist belt tonalite average (Fig. 27). The 
higher MgO metagraywackes have Yb, values sim- 

ilar to the Hattu schist belt basalts, with a tai1 extend- 
ing off the main correlation trend to high Yb, (Fig. 
27). The three samples with relatively flat REE 
profiles plot within the basalt field whereas the 
remainder have (LaIYb), values two to five times 
those of the basalts. Dilution of basaltic detritus with 
LREE-enriched, low Yb materia1 could explain the 
shift in (La/Yb), of the higher MgO metagraywackes 
away from the basalt field even though they show a 
range in Yb concentrations essentiaily the same as 
that of the basalts. 

The two sarnples with unique (LaIYb), or Yb, 
values (Fig. 27) were also distinctive distinguished 
by their unusually high K,O + Na,O in Fig. 19. 
Sample K-87-30 has a very similar REE profile to the 
granodiorites whereas sample KJP-87-77, which 
contains abundant garnet, shows extreme REE en- 
richment. None of the trace elements indicative of 
hydrothermal alteration are abnormally high in these 
two samples yet it is still likely they represent 
sediments affected by some type of alteration effect. 

Incompatible trace elements of metasediments 

For the most part, incompatible trace elements of with > 3 weight % MgO closely mirnics the profile of 
the metasediments can not be distinguished from the intermediate volcanics (open symbols plotting 
those of the intermediate and felsic volcanics. In Fig. together) and likewise for the metagraywackes with 
28, using average values, the metagraywacke group < 2 weight MgO and the felsic volcanics (filled 

Metagraywackes and Volcanics 

A-A Graywacke MgO < 2% 
0-0 Intermediate Volcanic 

I I I I I I I I I I I I I I I I I I I I I I  

Fig. 28. Primitive mantle-normalized incompatible element diagrams for Hattu schist belt meta- 
graywacke (triangles) and volcanic (circles) averages. The higher MgO metagraywacke average has a 
very similar profile to the intermediate volcanic average (open symbols plot together) and likewise for 
the low MgO metagraywacke and felsic volcanic averages. Pnmitive mantle values are from McDonough 
et al., 1985. 
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symbols plotting together). However, this is not true 
for all elements including, most notably, strontium. 
This is due to the fact that several intermediate and 
felsic volcanics have particularly high Sr contents, 
then when averaged, produce a Sr spike in the pro- 
files. 

Although not plotted in Eig. 28 for the sake of 
clarity, the metagraywackes with between 2 and 3 
weight % MgO and SiO, > 65 weight % plot between 
the two metagraywacke end members and therefore 
have no incompatible trace element characteristics 
that could distinguish them from the intermediate to 

felsic volcanics. This is in contrast to our earlier 
observation that there are no volcanic equivalents to 
the these metagraywackes in terms of TiO,, Fe,O,, 
MgO, Cr, Ni, Sc, and V contents. Additionally, we 
have suggested there is a significant basaltic compo- 
nent in the sediments that formed the metagraywackes 
with > 3 weight % MgO even though they have 
incompatible trace element concentrations signifi- 
cantly higher than those of the basalts (Fig. 12a). 
Several possible solutions to this problem are dis- 
cussed below. 

Nd isotopes of Metasediments 

The metasediments from within the Hattu schist of 2761 f 11 Ma. All of these data imply that the 
belt have ~ ~ ~ ( 2 7 5 0 )  from -0.6 to + 1.2, not a very large sediments that formed themetagraywackes and rnica 
range, but slightly lower than the range for the schists had a relatively newly formed crust as their 
intrusives. These metasediments give model ages major provenance. The igneous rocks of the Hattu 
(T,,) between 2986 to 2826 Ma. The younger model schist belt seem the most likely source of these 
age comes from sample A221 (Table 3) from which sediments. 
zircon separates provide a U-Pb upper intercept age 

Sediment provenance 

The major question to be answered about the 
metagraywackes is whether they are compositionally 
similar to the Hattu schist belt volcanic and intrusive 
rocks and therefore likely represent epiclastic mate- 
rial internally derived, or whether they represent 
mixtures with some detrital material from outside the 
belt. The enrichment of TiO,, Fe20,,tot and MgO and 
compatible trace elements Cr, Ni, Sc, and V in the 
Hattu schist belt metagraywackes relative to the 
coexisting intrusive and extrusive igneous rocks, 
especially at levels of SiO, > 65 weight %, point to a 
compositional separation that is somewhat difficult 
to explain. Relatively high concentrations of these 
elements in Archean sediments is typical (Taylor and 
McClennan, 1985). Elevated Cr, Ni and MgO could 
represent a significant komatiite component as sug- 
gested for the South African metasediments 
(Wronkiewicz and Condie, 1987; 1989). However, 
as we have pointed out, the TiO,, Fe,O,, V and Sc 
correlations with SiO, (Fig. 20) do not point toward 
a komatiite end member for the bulk of the Hattu 
schist belt metagraywackes. Rather, concentrations 
of these elements are consistent with basalts as one 
end-member the rnetagraywackes. 

Although the mafic end-member can be explained 
by existing rocks, the felsic end-member is missing. 
It is possible that the bulk of the felsic volcanic 
material from the belt was not preserved, but rather 

eroded into the sedimentary column. Nevertheless, 
it is unlikely that such felsic igneous rocks formed by 
evolution along a normal calc-alkaline liquid-line- 
of-descent could have contained such high concen- 
trations of transition metals. The Nd data presented 
above do not require any significant sedimentary 
detritus from outside the Hattu schist belt. 

Instead of a missing felsic component, there is the 
possibly that some physical or chemical weathering 
process enhances the transition elements in the 
metagraywackes. Intense chemical weathering of 
ultramafic rocks that preferentially enhance Cr and 
Ni contents in Archean sediments has been suggest- 
ed by Wronkiewicz and Condie (1989) and Wiggering 
and Beukes (1990). By this process, very small 
amounts of weathering products from komatiites 
could affect the sediment transition elements greatly, 
while having little dilutional effect on such elements 
as SiO,. However, the low TiO,, Sc and V contents 
of the ultramafic rocks we have analyzed cannot 
explain the high concentrations of these elements in 
the most of the Hattu schist belt metasedimentary 
rocks. One other possible solution is that during 
weathering of felsic volcanic rocks, magnetite and 
possibly other heavy minerals were preferentially 
removed to the sedimentary pile. This problem re- 
mains unsolved. 
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SUMMARY AND CONCLUSIONS 

The Late Archean Hattu schist belt is approxi- 
mately 2750 Ma old based on zircon U-Pb analyses. 
Supracrustal rocks from the belt are dominated by 
sediments, with lesser amounts of komatiites, basalts 
and calc-alkaline rocks. Granitoids intruded into the 
belt are typical Archean tonalite-trondhjemite- 
granodiorite series rocks. Metamorphic conditions 
following accretion of the schist belt reached upper 
greenschist, lower amphibolite conditions. Our best 
maximum temperature estimate is 550 + 50 "C based 
on garnet - biotite Fe/Mg geothermometry. This is 
higher than metamorphic grades from many other 
greenstone belts in Canada, South Africa and West- 
ern Australia, but similar to metamorphic grades in 
the Kuhmo greenstone belt 150 to 300 km to the north 
of this study area (Jahn et al, 1980; Piirainen, 1988). 

The Hattu schist belt volcanics can be divided into 
komatiites, tholeiites, low-Ti tholeiites that show 
some characteristics of calc-alkaline basalts, and 
andesitesldacites. We have outlined a consistent 
crystal fractionation model for the basalts, in which 
the tholeiites were dominated by olivine + chromite 
+ clinopyroxene f plagioclase removal and the low- 
Ti tholeiites by clinopyroxene + olivine + magnetite 
removal. Several members of the low-Ti tholeiite 
group have compositions that could represent paren- 
ta1 magmas to the andesites and dacites whereas the 
tholeiite fractionation trend projects away from the 
more evolved volcanics. Trace elements of the 
komatiites have been modified, probably as a conse- 
quence of hydrothermal alterations andlor metamor- 
phism. The REE profiles of the Hattu schist belt 
basalts are mostly typical of Archean basalts, al- 
though several samples show considerable LREE- 
enrichment. Discriminant diagrams suggest that the 
basalts are either island arc- or continental arc-de- 
rived. The andesites and dacites have negative Ta, 
Nb and Ti anomalies characteristic of arc magmas. 

The TTG series granitoids internal to the Hattu 
schist belt show a relatively small range in composi- 

tion, but the three main tonalite plutons can be 
distinguished from each other by compatible trace 
elements with MgO as an index of fractionation. 
Feldspar porphyry dikes, found throughout the belt, 
can only be distinguished chemically from the plu- 
tonic rocks by the absence of a negative Eu anomaly. 
This may be the result of plagioclase accumulation in 
the plutons subsequent to intrusion and suggests the 
dike-rocks may be close to initial tonalite magma 
compositions. 

Metagraywackes in the Hattu schist belt are most- 
ly andesitic to dacitic in composition although some 
basaltic andesite compositions apparently reflect a 
large amount of locally derived basaltic detritus or 
tuffaceous material. The metagraywackes with < 65 
weight % SiO, overlap in composition with the 
volcanics whereas a large group of samples with 
greater than 65 weight % SiO, have no intrusive or 
volcanic equivalents in terms o f ~ i ~ ~ ,  Fe,O,, MgO or 
Cr, Ni, V, Sc. In contrast, none of the metagraywackes 
have incompatible trace elements (including REE 
profiles) distinct from the volcanics and intrusives. 
Rather than invoking a missing felsic component 
rich in compatible elements, we suggest some sedi- 
mentary process enriched these elements in the sed- 
imentary sequence, which we suspect was mostly 
locally derived. 

Sr isotopes on the Kuittila tonalite give a poorly 
constrained isochron of 2789 + 290 Ma with a Sr, = 
0.70 146 f 0.0009. Nd isotopes of the intrusives give 
~ ~ ~ ( 2 7 5 0  Ma) of 0.9 to 2.1 and T,, model ages ca. 
2800 Ma. Nd data from the volcanics are sparse and 
give conflicting results in some cases. The 
metagraywacke ~ ~ ~ ( 2 7 5 0  Ma)values are slightly more 
negative than the intrusives and volcanics (-0.6 to 
+1.2). However, none of these isotopic data (except 
possibly the Poikopaa basalt) suggest a significant 
older crustal component in the source of the Hattu 
schist belt magmas or metagraywackes. 
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Voleanics 
Sample HJO-86- HJO-86- KJP-87- KJP-87- KJP-87- KJP-87- HJO-87- HJO-87- KJP-87- HJO-87- KJP-87- HJO-86- HJO-86- PAN-86- PAN-86- KJP-87- PAN-86- KJP-87- PAN-86- KJP-87- 

30 32 80.2 80.1 14.2 16 79.1 79.2 99 90 38 117 116 11 6 97 5 13.2 17 13.1 

V1 V2 V3 V4 V5 V6 V7 V8 V9 VlO Vl l  V12 V13 V14 Vl5 V16 V17 V18 V19 V20 
Rocktype UM UM UM UM UM UM UM MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF 

Si02 40.0 41.8 39.0 42.4 41.4 49.6 50.1 55.1 48.9 50.0 50.8 49.6 48.9 51.7 49.4 48.8 48.0 52.9 51.9 52.4 
TiO2 0.26 0.32 0.17 0.45 0.64 0.51 0.53 0.73 0.43 0.67 0.79 0.94 0.86 0.84 1.12 0.89 1.13 1.11 1 0.77 
A1203 3.78 3.87 4.03 7.23 10.4 5.32 9.33 12.7 7.18 13.5 13.7 14.3 14.6 14.6 14.1 15.6 14.6 14.1 14 13.3 
Fe203 9.56 10.2 9.65 9.4 10.7 12.7 12.1 8.87 17.9 11.3 9.92 12.9 12.7 9.05 13.8 14 14.7 10.4 12.3 8.12 
MnO 0.12 0.1 0.16 0.18 0.2 0.26 0.22 0.18 0.43 0.19 0.15 0.2 0.2 0.18 0.2 0.21 0.24 0.18 0.16 0.19 
MgO 32.0 31.8 32.0 25.3 21.7 19.6 13.3 9.67 11.5 9.96 9.71 8.81 8.76 7.75 7.75 7.38 7.28 7.18 7.01 6.55 
CaO 1.77 1.07 2.36 6.57 7.78 8.57 7.82 5.63 10.3 10.9 10.9 9.44 9.32 11.9 9.89 9.3 9.99 9.87 10.2 12.5 
Na20 0.07 0.01 0.02 0.14 0.16 0.21 2.48 5.16 1.20 1.97 2.42 2.08 2.52 1.97 2.05 2.78 2.15 3.51 2.21 3.59 
KZO 0.02 0.04 0.00 0.03 0.01 0.01 0.44 0.31 0.24 0.12 0.49 0.18 0.24 0.59 0.34 0.29 0.43 0.21 0.32 0.15 
P205 0.15 0.12 0.08 0.20 0.21 0.07 0.16 0.14 0.15 0.06 0.07 0.08 0.08 0.08 0.15 0.08 0.15 0.10 0.09 0.07 
LOI 10.8 9.9 10.8 6.9 6.5 3.0 2.5 1.9 1.5 1.1 0.9 1.4 1.5 1.1 0.9 1.1 0.9 0.5 0.9 2.7 
Total 98.53 99.18 98.27 98.75 99.67 99.85 99.02 100.34 99.70 99.75 99.80 99.92 99.72 99.74 99.73 100.41 99.52 100.03 100.12 100.34 

CO2 2.36 0.52 1.15 0.02 1.03 0.04 0.01 0.01 0.01 0.55 0.01 0.02 0.14 0.01 0.01 0.01 0.01 0.01 0.01 2.84 

B @pm) 5 5 20 20 5 5 10 10 450 10 20 5 5 10 5 20 180 10 5 20 
Ba 20 110 14 12 43 19 176 166 139 29 80 70 50 110 150 44 140 81 80 40 
Ce 11 7 2.8 17.8 25.1 23.5 13.5 17.9 14.8 7.2 8.1 10 10 14 20 6 17 10.9 9 8.5 
Co 88 82 73 43 65 64 37 34 53 44 36 5 1 49 49 47 38 50 33 45 35 
Cr 3740 3600 3740 2200 2450 1350 1460 877 2270 640 584 200 330 540 320 240 360 56 160 500 
Cs 1.9 2.5 0.5 0.5 0.5 0.5 2 1 1 0.5 1 0.1 0.1 0.5 1.3 1 5.5 0.5 0.1 0.5 
Cu 58 0.25 11 9 0.25 52 1 2 16 55 87 97 98 57 33 36 0.25 250 130 40 
DY 0.5 1.9 1.6 1.5 2.5 3 2.3 2.8 3 .  3.2 . 4 .  3 
Er 0.4 1 1 0.9 1.6 2 1.4 1.8 1.9 . 2.1 . 2.3 . 1.8 
Eu 0.35 0.32 0.23 0.7 0.55 0.79 1.14 1.03 0.75 0.65 0.81 0.7 0.7 0.76 0.88 0.72 0.95 1.06 0.75 0.68 
Gd 0.3 1.7 1.6 1.9 2.7 2.8 2 2.7 2.2 . 2.2 . 3.1 . 2.5 
Hf 0.5 0.4 0.5 0.5 2 2 2 2 2 0.5 0.5 1.7 1.8 1.6 2 0.5 2.1 0.5 2.3 0.5 
Ho 0.09 0.34 0.32 0.28 0.51 0.66 0.48 0.63 0.67 . 0.73 . 0.9 . 0.63 
La 3.4 1.8 1.3 8.2 13.4 11.2 6.2 8.7 6.8 2.9 3.3 3.3 3.4 4.6 8.8 2.3 6.9 4.2 3.3 3.7 
Li 6 7 0.5 0.5 35 14 16 14 22 26 22 20 6 18 12 24 0.5 8 0.5 0.5 
Lu 0.07 0.08 0.025 0.025 0.19 0.24 0.42 0.39 0.41 0.14 0.21 0.41 0.38 0.35 0.21 0.25 0.34 0.23 0.41 0.15 
Nb 20 10 0.5 1 2 4 2 2 2 2 2 10 20 10 20 2 20 3 10 2 
Nd 4 1.5 2.2 10.5 11.8 12.2 9.1 11.5 8.1 5.8 6.8 6 6 7 9 9.4 8 6.5 13 5.6 
Ni 1300 1200 810 790 1400 1100 600 350 960 170 210 130 130 180 200 140 220 85 89 180 
Pb 1 6 1 1 1 1 1 1 1 1 1 12 1 1 1 1 1 1 1 1 
Pr 0.5 2.4 3.2 3.2 2.2 2.8 2.1 1.2 1.4 . 1.1 . 1.8 . 1.4 
Rb 10 5 20 15 25 27 41 33 31 32 40 20 20 20 10 41 30 35 20 24 
S % 0.13 0.005 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.005 0.005 0.14 0.005 0.025 0.005 0.16 0.05 0.025 
Sc 21.4 18.8 16 20 20 17 22 27 24 37 37 54.4 58.1 52.8 32.3 38 34.5 40 55.1 38 
Sm 0.85 0.69 0.6 2.2 2.2 2.4 2.3 2.8 1.9 1.7 2 2.13 2.05 2.29 3.66 1.7 2.88 2.7 2.22 1.9 
Sr 130 70 44 107 27 45 157 396 67 103 160 90 200 240 340 293 310 229 110 346 
Ta 0.25 0.25 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.25 0.25 0.25 0.25 0.5 0.25 0.5 0.25 0.5 
Tb 0.1 0.1 0.05 0.2 0.2 0.2 0.4 0.4 0.4 0.4 0.4 0.6 0.5 0.4 0.6 0.4 0.7 0.5 0.4 0.4 
ni 0.2 0.1 0.25 1 1.4 1.8 1.6 1.4 1.3 0.25 0.25 0.3 0.5 0.3 2.5 0.25 2.5 0.25 0.4 0.25 
U 0.3 0.2 0.05 0.1 0.4 0.5 0.4 0.4 0.5 0.05 0.05 0.05 0.05 0.2 0.05 0.05 0.6 0.1 0.2 0.05 
V 98 100 88 120 130 120 170 200 130 240 250 330 340 270 230 280 240 330 340 270 
Y 5 5 2 9 8 7 14 16 13 16 17 30 20 20 20 19 10 22 20 17 
Yb 0.39 0.49 0.1 0.8 0.7 0.3 1.3 1.7 1.2 1.6 1.7 2.67 2.41 2.26 1.85 1.9 2.08 2 2.35 1.5 
Zn 97 71 77 81 170 140 110 86 98 83 81 120 110 91 140 120 160 78 130 66 
Zr 5 5 1 13 39 5 52 57 44 6 10 40 30 30 60 6 60 15 30 3 

X 6988.84 6988.46 6990.97 6990.97 6997.14 6997.54 6982.21 6982.21 6985.6 6986.3 6987.29 6983.54 6983.64 6987.2 6987.4 6985.14 6987.4 6997.13 6984.11 6997.13 
Y 563.72 563.83 566.13 566.13 561.08 561.08 564.9 564.9 564.2 564.61 566.18 565.31 565.26 566.18 561.26 565.78 561.27 561.14 565.88 561.14 



Rocktype 
Si02 
Ti02 
Al203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Toal 

MAF 
51.1 
1.25 
13.9 

16 
0.21 
5.85 
6.85 
3.16 
0.26 
0.12 
0.3 

99.01 

MAF MAI: 
61.5 50.4 

MAF 
52.4 
1.73 

12 
21.9 
0.28 
2.37 
6.4 

2.44 
0.29 
0.20 
0.4 

100.40 

MAF lTUF 
61.5 53.4 

PLILA 
56.8 
0.88 
14.7 
7.21 
0.13 
5.61 
7.41 
3.49 
1.28 
0.49 
0.9 

98.85 

lTUF 
48.5 
0.7 

15.2 
10.1 
0.22 
4.78 
16.1 
2.13 
0.39 
0.06 

1.3 
99.49 

IAGL 
61.2 
0.85 
16.8 
8.37 
0.09 
4.02 
1.28 
1.29 
3.44 
0.12 
2.6 

100.08 

NULK PLlTUF 
55.1 61.3 
0.74 0.7 

17 15.9 
9.12 6.74 
0.12 0.11 
3.55 3.55 
4.98 5.51 
4.10 5.07 
3.01 0.59 
0.35 0.16 

1.6 0.6 
99.69 100.25 

PLPF 
63.9 
0.59 

17 
4.93 
0.08 
2.48 
4.01 
4.35 
1.47 
0.17 
0.9 

99.83 

NULK 
56.7 
0.91 
16.2 
9.36 
0.13 
1.74 
4.52 
4.31 
2.67 
0.53 
2.2 

99.23 

HLTUF 
63.9 
0.69 
14.5 
7.44 
0.08 
3.34 
2.9 

2.68 
1.85 
0.09 

1.4 
98.86 

HAGL PLHTUF 
64.4 66.9 
0.72 0.42 
15.7 16.6 

HLTUF HLTUF 
66.5 64.7 



Volcanics Intrusives > 
"J 

Sample P41514.5 H10-86- KJP-87- HJO-87- KJP-87- HJO-86- PAN-86- PAN-86- PAN-86- PAN-86- PAN-87- P50617.2 P50214.4 P50316.5 HJO-87- P42616.5 PAN-87- WP-87- HJO-87- 3 
101 12.2 56 14.1 105 1 14 8 21 3 1 107 30 27 136.2 3 

9 
Roehype PLHVUL PLHVUL 
Si02 66.3 66.8 
Ti02 0.37 0.4 
AI203 15.5 16 
Fe203 3.68 3.85 
MnO 0.11 0.05 
Mgo 1.25 1.23 
CaO 2.77 3.17 
Na20 4.11 4.79 
K20 3.67 2.20 
PZ05 0.14 0.15 
LOI 1.5 1.1 
Total 99.44 99.72 

HVUL 
57.3 
0.57 
18.4 
4.85 
0.08 
1.18 
4.12 
7.10 
3.04 
0.29 
2.8 

99.70 

HVUL 
69.1 
0.29 
15.5 
2.64 
0.05 
1 .w 
4.7 

3.50 
0.93 
0.07 
0.7 

98.57 

HVUL PLHVUL PLHTUF 
63.3 64.4 70.0 
0.54 0.62 0.37 
16.9 16.8 15.7 
3.57 6.21 4.03 

0.035 0.1 0.13 
1.00 0.82 0.65 
2.77 2.88 0.72 
5.78 4.97 3.56 
2.95 2.03 3.06 
0.22 0.23 0.15 

1.9 0.9 1.5 
98.92 99.99 99.84 

HAGL 
62.2 
0.66 

20 
4.53 
0.06 
0.58 
4.38 
4.38 
2.23 
0.22 
0.6 

99.86 

0.02 

HVUL 
73.6 
0.09 
15.3 
0.87 
0.04 
0.20 
1.46 
6.14 
1.66 
0.03 
0.7 

100.w 

KVAFB QPLPF QPLPFI QPLPFI QPLPFI 
51.9 63.4 65.7 65.3 65.3 
1.57 0.6 0.46 0.43 0.43 
13.2 17.8 15.4 16.2 16.7 
16.5 4.46 4.37 4.04 3.73 
0.24 0.052 0.08 0.07 0.06 
3.93 2.47 2.38 2.12 2.01 
7.14 3.76 3.07 2.94 3.14 
2.77 5.20 4.45 4.90 5.40 
0.26 1.73 1.75 1.99 1.85 
0.14 0.17 0.14 0.14 0.13 

1.2 0.8 1.3 1.0 1.3 
98.88 100.41 99.11 99.13 100.06 

QPLPF QPLPFZ 
64.5 65.3 
0.46 0.36 
16.3 14.8 
3.74 6.34 

0.057 0.45 
1.60 1.36 
3.11 3.11 
5.07 0.42 
2.15 5.53 
0.15 0.15 

1.2 1.4 
98.30 99.21 

QPLPF QPLPF 
64.0 65.6 
0.44 0.26 

16 15.5 
3.29 2.87 

0.044 0.049 
1.28 1.24 
3.42 1.97 
4.78 6.28 
1.29 3.67 
0.12 0.14 
4.2 1.1 

98.82 98.66 

TONI 2 - .  
64.0 
0.47 
16.1 
5.33 
0.09 
2.89 
2.99 
4.61 
2.39 
0.16 
0.8 

99.80 



Intrusives > 
-0 

Sample HJO-86- HJO-87- WO-87- WO-87- P492112. HJO-87- HJO-87- P53817.7 P55013.7 P425110. P47115.8 HIO-87- P49019.5 P494111. KJP-87- P495110. HJO-87- P54417.8 HJO-87- P55215 2 
102 138 126.2 137 125.1 144 139.1 18 219 216 P 

h 

Rocktype TON2 
Si02 61.1 
Ti02 0.5 
Al203 16.4 
Fe203 5.9 
MnO 0.1 
MgO 2.77 
CaO 5.28 
Na20 3.47 
KZO 2.70 
PZ05 0.15 
MI 1.2 
Total 99.53 

TONl 
60.0 
0.57 

TONl TONI 
64.5 64.3 
0.46 0.48 

16 16.1 
4.86 5.11 
0.09 0.14 
2.63 2.60 
3.58 2.54 
4.59 4.45 
2.34 2.86 
0.15 0.16 
0.9 1.0 

100.13 99.74 

TONl 
66.4 
0.44 
15.4 
4.52 
0.06 
2.55 
1.77 
4.34 
2.93 
0.15 
0.9 

99.49 

TONI 
64.0 
0.46 
15.9 
4.82 
0.09 
2.54 
3.55 
4.17 
3.03 
0.15 

1.3 
100.02 

TONI TONl 
64.9 63.6 
0.48 0.46 
16.5 15.9 
4.68 4.71 
0.06 0.08 
2.54 2.52 
2.06 3.9 
4.53 4.01 
2.99 2.79 
0.15 0.15 

1.0 1.9 
99.89 99.97 

TON 1 
65 .O 
0.46 
15.7 
4.29 
0.08 
2.48 
3.89 
4.74 
2.15 
0.15 

1 .o 
99.94 

TON2 TONl 
61.9 64.2 
0.5 0.44 

16.5 15.9 
5.98 4.54 
0.12 0.08 
2.48 2.43 
4.61 3.95 
3.61 3.95 
2.92 2.81 
0.16 0.14 

1.2 1.4 
99.94 99.83 

TON 1 
64.4 
0.43 
15.8 
4.73 
0.09 
2.41 
3.38 
4.53 
2.77 
0.14 

1.1 
99.76 

TONI TONI 
65.0 63.5 
0.43 0.43 
15.8 15.5 
4.6 4.43 

0.08 0.08 
2.41 2.41 
3.09 3.78 
3.98 3.85 
2.98 2.76 
0.15 0.14 

1.2 2.1 
99.75 98.96 

TONI TONl TONI 
63.3 64.8 65.5 

TON 1 
65.9 

( 1  
0 

TONI TONI 7- 

65.5 64.8 
0.42 0.44 
14.8 16.2 
4.4 4.56 

0.08 0.07 
2.30 2.30 
3.52 3.03 
4.04 4.02 
3.02 3.36 
0.14 0.14 

1.5 1.2 
99.69 100.08 



Intrusives > 
Sample P54218.6 P54619.6 PAN-86- P49816.2 PAN-86- P56017.2 P523110. P54013 P493113. P49619.7 WO-87- P49716.8 P489111 P47215.9 WO-87- P47319.3 PAN-86- PAN-86- P56117.2 P449129 5 

16 15 134.1 145 12 13 ? 

Rockiype TONI TONI TON2 TONI TONZ TONI TONI TONI TONI TONI TONI TONI TONI TONI TONI TONI TONZ TON2 TONI TON3 g 
? 

Si02 64.7 65.0 63.0 63.0 63.4 64.4 64.2 66.4 65.8 64.5 67.6 62.6 66.4 66.0 64.8 66.7 63.7 64.6 66.7 67.2 
Ti02 0.43 0.44 0.47 0.45 0.46 0.42 0.45 0.41 0.46 0.45 0.42 0.47 0.4 0.4 0.42 0.39 0.43 0.41 0.33 0.36 
Ai203 15.5 15.8 16.6 16.7 16.1 15.8 16.2 15 16 16.1 15.5 17.4 15.7 15.4 15.9 15.4 15.9 15.6 15.8 16.2 
Fe203 4.3 4.11 5.16 4.09 5.04 4.13 4.58 4.17 4.68 4.18 4.2 4.12 4.05 4 4.53 3.9 4.61 4.43 3.16 3.13 
MnO 0.07 0.07 0.08 0.07 0.1 0.07 0.08 0.06 0.06 0.07 0.05 0.06 0.05 0.08 0.08 0.07 0.08 0.08 0.06 0.06 
MgO 2.29 2.29 2.28 2.24 2.24 2.23 2.22 2.21 2.21 2.20 2.18 2.17 2.16 2.15 2.11 2.06 2.01 1.95 1.73 1.51 
CaO 3.33 3.72 3.69 4.42 4.34 3.92 3.45 2.98 1.74 3.79 2.84 4.08 2.4 3.04 3.77 2.92 4.03 3.95 2.58 3 
Na20 4.07 4.23 4.10 4.54 3.50 4.12 3.41 3.68 3.63 4.48 4.32 4.53 4.28 3.82 4.51 3.91 3.57 3.68 4.64 5.28 
K20 2.98 2.88 2.82 2.37 2.72 2.68 3.79 3.03 3.41 2.23 1.90 2.72 2.74 3.15 2.74 3.40 3.70 3.34 3.30 2.33 
P205 0.14 0.14 0.14 0.14 0.14 0.14 0.15 0.14 0.16 0.14 0.13 0.15 0.14 0.13 0.14 0.13 0.13 0.12 0.11 0.14 
LQI 1.3 1.2 1.0 2.0 1.3 2.0 1.4 1.3 1.5 1.4 0.5 1.8 1.0 1.2 1.1 1.3 1.9 1.5 1.9 0.8 
Touil 99.12 99.91 99.34 100.02 99.35 99.91 99.92 99.39 99.62 99.53 99.68 100.07 99.32 99.40 100.08 100.19 100.09 99.70 100.26 99.98 



Intrusives Metasediments > 
Sample P47419.5 P47514.2 HIO-86- P47612.6 P47713.6 HJO-86- KJP-87- P524110. P47815.3 P485111. P47919.9 P48219.5 P48315.9 P48413.8 P48017.4 P48119.2 P486112.5 HJO-86- HJO-87- 

122 10 98 118 155.2 3 
n 

Rocktype 
Si02 
TiO2 
A1203 
Fe203 
MnO 
Mk9 
CaO 
Na20 
mo 
m 
LOI 
Toial 

TONI 
67.9 
0.28 
15.2 
2.72 
0.05 
1.41 
2.71 
4.52 
2.75 
0.09 

1.6 
99.25 

TONI 
68.2 
0.28 
15.2 
2.86 
0.06 
1.41 
2.32 
4.21 
3.32 
0.09 

1.1 
99.03 

TON 1 
69.7 
0.23 
15.6 
2.2 

0.05 
1.12 
1.89 
4.76 
3.31 
0.08 

1.1 
100.02 

GRDR GRDRI 
66.6 69.0 
0.31 0.37 
15.2 15.8 
2.9 2.9 

0.048 0.04 
1.26 1.10 
3.17 3.29 
5.58 4.79 
2.18 1.85 
0.12 0.10 

1.2 0.9 
98.60 100.09 

TRPFI 
70.8 
0.23 
15.8 
1.96 
0.04 
0.87 
2.05 
5.03 
2.39 
0.07 

1.1 
100.32 

TRPF1 TRPFI TRPFI 
69.4 71.5 71.2 

TRPF1 TRPFI TRPFI TRPFI 
69.3 71.0 70.8 71.5 
0.19 0.17 0.16 0.16 
16.3 15.8 15.4 15.7 

ö 
GRV GRV 5 

52.9 57.0 
0.61 0.9 
9.89 15.8 
10.1 7.91 
0.17 0.09 

13.00 6.77 
7.01 2.77 
1.89 1.83 
1.15 3.82 
0.15 0.35 
2.4 2.5 

99.26 99.78 



Metasediments 9 
-0 

Sample HJO-86- HJO-87- HJO-86- P46315.5 P46717.2 HJO-86- HJO-87- HJO-86- P40815.9 P50714.7 HJO-86- P45317.3 P46915.3 HJO-87- P49916.0 HJO-87- HJO-87- PAN-86- P529111. P467131. 
111 142.4 112 113 142.5 115 109 158 147 160.3 24.1 7 

m 

Rockiype 
Si02 
Ti02 
AI203 
Fe203 
MnO 
MgO 
c a o  
Na2O 
K20 
P205 
LOI 
Total 

GRV GRV 
56.4 62.7 
0.92 0.72 
13.9 i4.3 
12.5 7.2 
0.17 0.09 
5.78 5.38 
3.24 3.19 
2.63 1.85 
2.29 2.07 
0.15 0.15 

1.9 2.2 
99.91 99.88 

GRV 
59.2 
0.68 
13.6 
10.8 
0.17 
5.34 
3.5 

2.68 
1.54 
0.13 

1.6 
99.26 

GRV GRV 
55.3 56.7 
0.66 0.84 
16.7 16.1 
7.77 11.4 
0.14 0.14 
5.19 4.72 
6.25 3.22 
3.31 2.36 
2.02 1.91 
0.21 0.10 

1.2 2.3 
98.78 99.80 

GRV 
63.1 
0.65 
13.2 
9.18 
0.15 
4.61 
3.74 
2.84 
1.12 
0.12 

1.3 
100.02 

GRV 
63.9 
0.68 
14.5 
6.85 
0.08 
4.58 
2.57 
2.43 
2.15 
0.15 

1.9 
99.82 

GRV 
56.1 
0.9 

17.2 
11.9 
0.1 

4.47 
2.06 
2.12 
2.15 
0.12 
2.8 

99.89 

GRV 
57.5 
0.83 
17.2 
9.15 
0.1 

4.29 
2.14 
3.27 
1.69 
0.1 1 
2.7 

98.98 

GRV 
59.9 
0.82 
16.6 
9.2 

0.12 
3.87 
2.07 
2.56 
1.85 
0.10 
2.5 

99.63 

GRV 
59.0 
0.91 
16.7 
10.4 
0.09 
3.85 
1.65 
1.78 
2.58 
0.10 
2.8 

99.83 

GRV 
61.4 
0.73 
16.4 
8.02 
0.09 
3.82 
2.41 
2.17 
2.39 
0.13 
2.2 

99.79 

GRV LOL 
59.0 57.4 
0.87 0.83 
17.4 20.5 

GRV 
61.5 
0.83 
17.3 
7.25 
0.09 
3.62 
1.59 
1.61 
2.64 
0.11 
2.9 

99.39 

GRV FY 
62.0 60.0 
0.77 0.79 

17 18.2 
7.71 7.89 
0.08 0.07 
3.54 3.50 
1.49 1.35 
2.70 1.74 
2.50 2.97 
0.13 0.25 
2.4 3.2 

100.31 99.99 

GRV 
63.5 
0.76 
15.4 
8.31 
0.07 
3.49 
1.93 
2.25 
1.98 
0.09 
2.2 

100.01 

GRV 
62.4 
0.76 
16.4 
7.62 
0.07 
3.49 
2.08 
2.61 
2.14 
0.09 

1.9 
99.59 

ö 
GRV - ?  

61.6 
0.78 



Rocktype 
Si02 
TiO2 
ALZ03 
Fe203 
MnO 
MgO 
c a o  
Na20 
KZO 
P205 
LOI 
Total 

CO2 

B @pm) 
Ba 
Ce 
Co 
Cr 
Cs 
Cu 
DY 
Er 
Eu 
Gd 
Hf 
Ho 
La 
Li 
Lu 
Nb 
Nd 
Ni 
Pb 
Pr 
Rb 
S % 
Sc 
Sm 
Sr 
Ta 
Tb 
ni 
U 
v 
Y 
Yb 
Zn 

GRV 
66.5 
0.76 
14.6 
6.91 
0.08 
3.47 
1.81 
2.16 
2.06 
0.07 

1.7 
100.12 

0.02 

20 
410 
53 
34 

290 
5.5 
12 

1.1 

3.4 

21.7 
50 

0.36 
10 
16 

130 
24 

110 
0.1 

23.8 
3.84 
190 

0.25 
0.6 
5.1 
1.6 
150 

5 
2.17 
130 

GRV 
63.0 
0.7 

14.8 
8.65 
0.13 
3.43 
3.64 
2.06 
2.10 
0.12 

1.3 
99.94 

0.01 

II00 
640 
39 
35 

290 
13.9 

65 

0.95 

2.8 

15.1 
46 

0.25 
5 
9 

100 
20 

100 
0.52 
27.7 
2.67 
450 

0.25 
0.5 
3.9 
0.7 
190 
10 

1.64 
120 

GRV 
63.7 
0.74 
16.1 
7.33 
0.07 
3.41 
2.17 
2.69 
1.97 
0.08 

1.9 
100.1 1 

0.01 

5 
570 
28 
30 

190 
6.4 
76 

0.62 

3.5 

16.3 
48 

0.24 
20 
12 
99 
8 

110 
0.33 
22.8 
2.77 
340 
0.5 
0.3 
3.1 

1 
170 
10 

1.45 
98 

GRV 
63.3 
0.74 
16.4 
7.37 
0.07 
3.40 
1.01 
2.07 
2.72 
0.13 
2.5 

99.75 

0.01 

46 
758 

27 
288 

58 

GRV 
69.1 
0.62 
13.3 
6.06 
0.07 
3.40 
1.12 
1.75 
1.64 
0.09 
2.7 

99.85 

0.01 

20 
330 
39 
19 

180 
8.5 
55 

o.n 

2.4 

18.2 
52 

0.24 
20 
11 

130 
16 

100 
0.34 
10.4 
2.64 
120 

0.25 
0.4 
4.7 
1.7 
110 
30 

1.47 
140 

GRV 
60.4 
0.8 

18.7 
7.47 
0.07 
3.37 
1.39 
2.31 
2.55 
0.12 
3.1 

100.26 

0.01 

55 
659 

21 
263 

56 

GRV 
62.6 
0.77 
17.5 

7 
0.07 
3.31 
1.39 
2.04 
2.73 
0.13 
2.5 

100.08 

0.01 

520 
640 
61 
32 

240 
19.6 

57 

1.31 

3.3 

27 
62 

0.26 
20 
19 

120 
20 

110 
0.48 
21.8 
4.17 
300 

0.25 
0.5 
6.3 
1.9 
160 
10 

1.75 
150 

GRV 
64.9 
0.77 
15.9 
6.97 
0.11 
3.29 
2.09 
1.86 
2.22 
0.10 
2.1 

100.29 

0.01 

30 
430 
33 
32 

280 
2.2 
49 

0.99 

3 

19.4 
26 

0.34 
10 
15 

150 
16 

90 
0.24 
21.5 
3.41 
170 

0.25 
0.4 
4.8 
1.6 
150 
30 

2.07 
150 

GRV 
65.1 
o.n 

15 
7.52 
0.09 
3.24 
2.06 
2.80 
1.59 
0.09 
2.0 

100.26 

0.02 

20 
370 
3 1 
29 

250 
5.5 
69 

0.89 

3 

13.7 
48 

0.26 
10 
14 

120 
20 

70 
0.43 
19.9 
2.8 
210 
0.5 
0.6 

4 
1.6 
150 
20 

1.67 
140 

GRV GRV 
66.3 64.6 
0.64 0.63 

15 15.4 
6.16 5.67 
0.06 0.08 
3.17 3.16 

1.7 1.86 
2.89 3.50 
1.90 1.90 
0.11 0.09 
2.0 2.2 

99.93 99.05 

GRV 
67.1 
0.65 
13.8 
7.13 
0.07 
3.16 
1.63 
1.70 
2.11 
0.10 
2.2 

99.68 

0.03 

130 
360 
32 
32 

370 
6.8 
89 

0.39 

4.8 

19.3 
28 

0.3 
10 
13 

140 
40 

90 
0.74 
18.2 
2.98 

90 
0.6 
0.5 
5.5 
1.7 
120 
20 

1.78 
230 

GRV GRV 
61.6 64.0 
0.78 0.73 
17.6 15.3 
6.99 7.59 
0.05 0.09 
3.15 3.13 
1.53 2.35 
3.23 2.88 
3.01 1.72 
0.12 0.10 
2.0 1.7 

100.06 99.59 

GRV 
58.0 
0.75 
17.1 
9.44 

0.055 
3.08 

1.3 
4.84 
2.56 
0.12 

1.4 
98.64 

0.01 

390 
352 

35.4 
22 

180 
89 
29 
1.5 
0.5 

1.27 
2.1 

3 
0.23 
17.5 
210 

0.025 
5 

18.3 
89 

1 
4.5 
192 
0.3 
20 

3.5 
224 

1 
0.3 
4.8 
1.3 
180 

5 
0.3 
90 

GRV 
66.6 
0.64 

15 
5.78 
0.09 
3.06 
2.52 
3.57 
1.33 
0.10 

1.5 
100.23 

0.04 

20 
350 
45 
24 

190 
7.2 
54 

0.96 

3.3 

23.5 
44 

0.24 
5 

18 
95 
20 

60 
0.34 
18.4 
3.51 
340 

0.25 
0.4 
4.8 
1.3 
140 
30 

1.69 
120 

GRV GRV 
64.3 68.4 
0.72 0.64 

16 13.9 
7.02 5.89 
0.06 0.06 
3.04 3.01 
1.17 2.03 
2.42 2.97 
2.47 1.86 
0.12 0.08 
2.6 1.2 

99.94 100.00 

GRV 
66.4 
0.65 
15.1 
6.36 
0.06 
2.92 
1.27 
2.60 
2.12 
0.11 
2.4 

99.98 

0.01 

GRV 
60.6 
0.48 
18.3 
6.37 
0.11 
2.90 
3.96 
4.11 
1.90 
0.23 
0.9 

99.89 

0.01 



Rocktype 
Si02 
TiO2 
AI203 
Fe203 
MnO 
MgO 
CaO 
NaZO 
K20 
P205 
LOI 
Tom1 

GRV 
65.7 
0.65 
14.8 
6.5 

0.06 
2.89 

1.4 
2.57 
2.05 
0.11 
2.1 

98.81 

GRV 
67.7 
0.64 
13.1 
6.92 
0.06 
2.86 
2.08 
2.68 
1.90 
0.08 

1.5 
99.49 

GRV GRV 
65.5 66.4 
0.68 0.7 
15.6 14.1 
6.44 6.95 
0.07 0.09 
2.85 2.84 
1.43 2.71 
2.44 2.52 
2.90 1.61 
0.12 0.10 
2.1 1.6 

100.11 99.64 

GRV 
66.3 
0.67 
15.4 
6.22 
0.06 
2.83 
1.53 
2.69 
1.99 
0.11 
2.2 

100.03 

GRV 
65.3 
0.72 
15.4 
6.3 

0.06 
2.78 
1.87 
2.90 
2.30 
0.14 
2.5 

100.24 

GRV 
59.2 
0.67 

20 
5.74 
0.1 

2.78 
4.83 
3.15 
1.65 
0.18 

1.6 
99.92 

GRV GRV 
67.1 66.7 

GRV 
63.2 
0.71 
17.3 
5.81 
0.06 
2.73 
2.83 
3.10 
2.86 
0.15 

1.5 
100.22 

GRV GRV GRV 
67.7 69.6 67.9 
0.6 0.6 0.62 

14.6 13.5 14.8 
6.12 5.93 5.92 
0.06 0.04 0.05 
2.69 2.69 2.64 
1.41 1.08 1.33 
2.79 2.66 2.73 
2.02 1.81 2.10 
0.12 0.08 0.11 
2.2 1.9 1.9 

100.27 99.92 100.13 

GRV 
67.4 
0.65 
14.6 
5.64 
0.15 
2.62 
3.42 
2.16 
0.97 
0.16 
2.2 

99.93 

GRV 
66.2 
0.65 
15.6 
5.91 
0.05 
2.61 
1.55 
3.17 
2.23 
0.11 
2.2 

100.31 

GRV GRV GRV 
64.0 69.0 69.0 
0.65 0.59 0.6 
15.6 14.2 14.3 
7.24 5.69 5.85 
0.09 0.05 0.05 
2.61 2.57 2.54 
2.29 1.36 1.46 
3.39 2.73 2.63 
2.62 1.83 2.02 
0.15 0.10 0.11 

1.2 1.9 1.8 
99.80 99.97 100.33 

GRV 
63.1 
0.58 
15.9 
5.35 
0.09 
2.52 
3.9 

4.55 
1.90 
0.16 
0.9 

98.98 

c 1 

GRV s - r' 
64.0 
0.44 
15.6 
4.83 
0.09 
2.52 
3.7 

4.18 
2.88 
0.15 

1.2 
99.55 



Metasediments $ 2  u 
Sample HJO-86- HI0-87- H10-87- P46113.7 HJO-87- HJO-87- HJO-87- PAN-86- HJO-87- HJO-86- HJO-87- HJO-87- PSIUZO. P46018.2 HJO-86- P571130. P45816.7 P41916.5 HJO-86- PAN-86- % 

120 142.6 125.3 134.3 161 140.6 31 140.5 119 125.2 151 106 3 103 18 0 n. 
2 * g  

Rocktype GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV GRV e G ,  
Si02 65.6 68.6 69.1 60.0 68.4 62.3 69.7 60.7 68.3 63.4 65.4 63.4 65.9 66.6 55.5 66.8 66.1 64.9 67.2 67.0 3 g 
Ti02 0.6 0.61 0.58 0.54 0.61 0.53 0.55 0.87 0.59 0.62 0.42 0.65 0.57 0.48 0.62 0.46 0.43 0.42 0.53 0.48 
Ai203 13.5 14.4 13.8 18.3 14.5 18.8 14.1 20 14.5 15.2 15.1 16.4 16.1 15.3 19.4 15.6 15.4 14.7 15.8 16.3 

$ 5  
Fe203 9.19 5.55 5.81 6.43 5.72 5.44 5.35 6.3 5.74 8.78 4.65 6.52 5.69 4.55 7.93 4.58 4.9 7.28 5.34 4.79 $ % 
MnO 0.15 0.05 0.05 0.11 0.05 0.09 0.05 0.07 0.05 0.12 0.09 0.09 0.08 0.07 0.21 0.1 0.1 0.12 0.06 0.04 3 
Mgo 2.51 2.50 2.50 2.49 2.49 2.49 2.47 2.38 2.34 2.31 2.30 2.18 2.15 2.12 1.98 1.94 1.77 1.61 1.61 1.48 

$ z 
S w 

CaO 2.4 1.55 1.62 5.1 1.61 2.42 1.54 1.4 1.52 2.85 3.78 2.8 2.92 2.72 4.33 4.2 2.68 1.76 1.7 2.81 
NaZO 2.91 2.82 2.77 3.15 2.99 3.07 2.98 1.79 3.01 3.59 3.47 4.76 3.99 3.74 1.57 2.96 3.93 3.22 3.14 3.54 

B P 
n v, 

KZO 1.75 1.92 2.08 2.14 1.97 2.58 1.70 3.43 1.89 2.17 2.95 2.37 1.99 2.51 3.69 1.77 2.95 4.12 2.85 2.25 a a 
P205 0.12 0.10 0.11 0.22 0.11 0.24 0.10 0.19 0.10 0.17 0.15 0.24 0.13 0.16 0.39 0.15 0.14 0.16 0.15 0.10 " 5. 
LOI 1.3 1.9 1.9 1.0 1.7 2.0 1.5 3.1 1.9 0.9 1.7 0.6 0.8 1.0 3.1 1.1 0.9 1.3 1.6 1.1 2 E 
Toul 100.04 99.95 100.35 99.48 100.15 99.96 100.08 100.21 99.97 100.06 100.01 100.03 100.29 99.25 98.70 99.64 99.33 99.60 100.00 99.87 Q 7 
CO2 

OP 
0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 1.08 0.01 0.01 0.01 0.01 0.03 0.44 0.02 0.01 0.01 2. 2 2 4 

B @pm) 60 20 21 5 25 13 27 80 24 5 5 5 210 5 1900 20 5 5 100 5 
Ba 

I 
560 561 500 730 561 839 504 780 571 690 970 707 710 920 1710 1100 1160 1380 990 780 

Ce 43 . 59 . 36 . 51 . 64 50 111 58 60 48 55 47 3 
Co 26 29 28 13 25 16 26 26 25 21 17 20 22 20 13 17 14 9.5 17 16 a 
Cr 190 237 236 49 240 59 219 140 215 97 93 63 100 100 32 94 72 24 67 67 
Cs 6.3 . 6.8 . 8.1 . 6.9 . 3.4 3.9 9.6 8.7 4.9 6.5 11.8 7.6 
Cu 54 57 58 30 52 12 45 38 49 46 20 45 45 38 29 79 41 56 36 3 1 
DY 
Er 
Eu 0.88 . 1.01 0.83 . 1.3 . 1.26 1 1.13 1.17 0.64 0.74 0.79 0.66 
Gd 
Hf 3.1 . 2.9 . 4.1 . 3.2 . 3.1 3.6 7.8 3.5 2.9 3.6 5 4.4 
Ho 
La 21.8 . 26.7 . 20.4 . 26.2 . 29.2 23.9 61 37.3 27.9 26.1 33.6 26.8 
Li 42 38 27 52 41 37 36 100 35 44 60 3 1 36 34 40 26 46 22 44 36 
Lu 0.25 . 0.28 . 0.31 . 0.28 . 0.28 0.18 0.36 0.19 0.17 0.18 0.25 0.19 
Nb 10 15 5 40 5 20 28 20 12 10 5 5 20 20 20 10 10 
Nd 

10 20 10 
18 . 20 . 19 . 22 . 19 16 44 24 16 20 24 21 

Ni 65 79 67 21 75 19 74 55 73 39 33 21 44 63 21 52 47 20 29 3 1 
Pb 16 9 8 16 6 6 8 12 8 12 9 11 24 14 16 20 20 24 20 20 
Pr 
Rb 90 77 75 100 82 96 73 130 72 90 99 79 90 100 160 70 120 180 130 100 
S% 0.38 0.43 0.26 0.25 0.32 0.16 0.4 0.19 0.39 0.39 0.005 0.14 0.47 0.3 0.005 0.79 0.31 0.59 0.26 0.28 
Sc 18.4 . 11.7 . 26.3 . 16.9 . 15.9 10.8 8 11.1 11.9 8.2 12 11.4 
Sm 3.39 . 3.97 . 3.2 . 4.19 . 4.28 3.52 8.55 5.52 3.73 3.54 4.52 3.97 
Sr 410 331 311 600 323 344 354 400 341 570 598 670 580 720 1120 690 880 310 720 770 
Ta 0.5 . 0.25 . 0.25 . 0.25 . 0.25 0.25 0.8 0.25 0.25 0.25 0.25 0.25 
Tb 0.6 . 0.8 . 0.4 . 0.5 . 0.5 0.3 0.9 0.7 0.4 0.4 0.7 0.2 
'Ih 4.5 . 5.5 . 7.5 . 5.7 . 6.5 7.4 19 9.8 8 8.2 7.8 6.3 
U 1.5 . 1.7 . 2.2 . 1.9 . 1.5 1.9 2.7 2.9 2.6 2.6 2.6 2.2 
V 140 . 110 . 190 . 140 . 120 90 120 94 84 
Y 

78 100 100 
10 5 25 5 5 21 5 10 13 20 5 16 5 5 20 5 10 5 5 5 

Yb 1.64 . 1.46 . 1.71 . 1.68 . 1.45 1.17 2 1.02 0.85 1.09 1.43 1.12 
Zn 110 85 98 130 96 83 88 170 87 100 72 70 100 100 120 97 160 120 100 120 
Zr 100 112 121 130 116 100 106 110 111 110 84 112 140 110 250 120 90 130 130 110 

X 6983.01 6969.902 6969.496 6967.66 6969.544 6970.468 6969.818 6981 6969.817 6983.12 6969.492 6970.23 6984.325 6967.66 6984.89 6967.66 6967.66 6987.34 6984.86 6984.1 
Y 565.47 562.758 562.7 56044 562.678 563.024 562.844 564.98 562.847 565.49 562.702 563.02 564.425 560.34 564.34 559.355 560.04 561.6 564.08 565.14 



Metasediments 
Sample P420f2.8 PAN-86- KIP-87- P42915.3 HJO-86- P42815.9 P430j4.5 HJO-86- P410115. P411112. PAN-86- HJO-86- HJO-86- HJO-86- PAN-86- 

10 77 104 35 32 114 34 36 19 

Rocktype GRV GRV GRAKL GRV GRV GRV GRV FEMUO FEMUO FEMUO FEMUO FEMUO FEMUO FEMUO FEMUO 
Si02 66.3 67.1 55.3 67.8 72.4 66.3 67.5 44.6 51.8 59.7 66.9 50.7 49.4 49.3 53.1 
Ti02 0.37 0.56 0.92 0.35 0.34 0.38 0.35 0.32 0.47 0.58 0.21 0.23 0.19 0.12 0.34 
Ai203 15.4 16.2 18.7 15.7 15 16.1 15.5 8.65 12.2 15.3 5.86 5.76 4.2 3.05 8.69 
Fe203 4.56 3.52 8.68 3.23 3.81 3.54 4.29 33.8 25.4 11.1 19 39.3 39.6 43.5 29 
MnO 0.13 0.05 0.18 0.14 0.04 0.49 0.58 0.23 0.29 0.21 0.14 0.56 0.17 0.25 0.21 
MgO 1.41 1.28 1.08 1.03 0.79 0.76 0.68 3.65 3.03 2.91 2.77 2.50 2.03 1.81 1.67 
CaO 2.98 2.7 2.49 3.94 0.99 3.9 2.48 4.93 3.11 3.37 3.19 2.34 2.77 3.05 3.7 
Na2O 3.87 5.55 2.69 2.37 1.79 2.60 1.44 0.35 0.01 1.03 0.01 0.05 0.14 0.18 0.30 
K20 3.26 1.78 6.12 4.35 3.10 4.45 4.79 0.51 1.95 2.96 0.40 0.13 0.10 0.16 0.13 
P205 0.15 0.13 0.41 0.14 0.11 0.16 0.13 0.18 0.28 0.11 0.19 0.30 0.18 0.25 0.26 
LOI 0.7 0.6 1.5 0.9 1.8 0.3 1.4 3.2 1.8 2.4 2.2 0.0 1.4 0.0 2.2 
Toul 99.13 99.49 98.04 99.98 100.14 98.99 99.13 100.38 100.31 99.66 100.83 101.88 100.17 101.68 99.56 

CO2 0.03 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.05 0.15 0.01 0.53 0.09 0.68 

B @pm) 5 5 70 50 220 30 60 5 5 30 5 5 5 5 80 
Ba 1010 1030 2630 1190 840 1450 1420 120 530 630 170 140 80 110 80 
Ce 49 34 269 56 35 61 62 27 37 32 25 12 16 12 28 
Co 6.6 13 14 6.7 5.2 7.4 II 14 16 34 16 7.7 11 5.4 28 
Cr 24 81 1 17 68 18 25 91 110 170 66 30 53 52 66 
Cs 15 6.5 17 29.5 9.1 14.6 147 5.9 9.7 3.4 4.3 1.5 0.1 0.1 1.1 
Cu 2.5 36 42 14 4 24 19 120 70 89 76 0.25 67 2 250 
DY 8.5 . 
EI 3.5 . 
Eu 0.88 1.14 7.35 1.06 0.56 1.05 1.26 0.59 1 1.14 0.7 0.52 0.65 0.76 1.16 
Gd 16 . 
Hf 3.8 3.1 9 3.6 3.6 3.5 3.9 2.5 1.8 2.9 1.2 1.1 1 0.9 3.4 
Ho 1.51 . 
La 26.5 22.9 138 30.2 21.9 32.3 35.1 15.6 16.7 20.9 11.9 4.3 10.6 6.3 16.4 
Li 36 34 54 92 24 46 140 22 46 46 14 14 10 18 16 
Lu 0.16 0.17 0.4 0.19 0.17 0.17 0.21 0.26 0.28 0.33 0.27 0.35 0.25 0.26 0.2 
Nb 10 20 22 20 10 10 5 40 30 20 10 20 30 10 30 
Nd 19 16 144 21 13 24 23 13 13 16 9 4 7 5 14 
Ni 14 27 8 12 10 14 19 40 61 110 36 32 34 14 75 
Pb 28 20 28 32 20 170 220 1 1 1 1 12 1 1 1 
Pr 35.3 . 
Rb 150 80 214 190 120 180 440 40 150 160 50 10 30 20 20 
S % 0.08 0.21 0.025 0.29 0.03 0.25 0.92 3.34 1.36 2.57 1.76 0.005 1.38 0.04 2.95 
Sc 7.4 11.4 8 7.1 6.6 7 7.6 13 16.6 24.8 8 9.3 8.1 4.2 7.3 
Sm 3.6 3.46 25.1 4.07 2.56 4.29 4.26 2.68 2.86 2.48 2.13 1.14 1.71 1.3 2.92 
Sr 580 740 3320 500 530 400 360 5 40 250 5 5 5 5 10 
Ta 0.25 0.25 1 0.25 0.5 0.25 0.25 0.5 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
Tb 0.5 0.4 1.9 0.3 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.4 0.2 0.1 0.3 
Th 9.3 5.9 23.1 9.2 7.5 8.5 9.7 4.1 4 5.4 3 2.2 2.1 1.4 2.1 
U 2.4 1.4 1.2 2.9 2.1 2.8 3.7 1 1.2 3.7 0.8 0.7 0.7 0.6 0.4 
V 68 100 170 62 60 n 74 76 120 150 50 60 52 32 46 
Y 5 10 36 20 10 10 10 5 5 10 20 5 5 5 5 
Yb O.% 1.11 2 1.13 0.78 1.01 1.22 1.53 1.67 1.96 1.61 2.17 1.21 1.43 1.06 
Zn 100 88 140 110 58 510 1400 150 90 100 140 55 5 1 38 260 
Zr 110 100 246 130 100 110 130 70 50 90 40 5 5 5 90 

X 6987.332 6987.47 6997.55 6987.26 6984.94 6987.288 6987.23 6971.5 6987.5 6987.5 6964.88 6983.73 6971.76 6971.95 6985.1 
Y 561.7 561.24 560.82 562.8 564.34 562.6 563 565.3 560.926 560.99 565.84 565.18 565.2 565.15 565.78 
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Key for abbreviations: 

UM = Ultramafic rock 
MAF = Mafic volcanic rock 
ITUF = Intermediate tuff 
P L I m  = Intermediate plagioclase-phyric flow 
IAGL = Intermediate agglomerate 
IVULK = Intermediate volcanic rock 
PLITUF = Intermediate crystal tuff 
PLPF = Felsic plagioclase porphyry dike 
HLTUF = Felsic lapilli tuff 
PLHTUF = Felsic crystal tuff 
PLHVUL = Felsic plagioclase-phyric volcanic 
rock 
HVUL = Felsic volcanic rock 
HAGL = Felsic agglomerate 
KVAFB = Quartz-bearing amphibolite 
QPLPF = Quartz-plagioclase porphyry dike 
TON = Tonalite 
GRDR = Granodiorite 
TRPF = Trondhjemite porphyry 
GRV = Graywacke - mica schist 
LOL = Chlorite schist 
EY = Phyllite 
GRAKL = Garnet-bearing mica schist 
FEMUO = Banded iron formation 
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The areareviewed here is situated in the province of North Karelia, in eastern 
Finland. Glaciologically it is situated in the southeastern part of the former 
North Karelian ice lobe and to the northeast of the Finnish Lake District ice 
lobe and the Salpausselkä ice marginal formations. 

The main direction of glacial advance in the area was from northwest to 
southeast. In the southern part of the area a younger, westerly ice flow direction 
is present. These represent ice flow directions before and during the deposition 
of the Salpauselka ice marginal formations. 

The glacier deposited a basal till bed of variable thickness throughout the 
area and also formed characteristic drumlin landforms. As the ice sheet 
retreated, De Geer-type end moraine ridges formed in the southern part of the 
study area and the Koitere ice marginal formation developed in the central part 
of the region. The eskers in the southern part of the study area formed as-the 
margin of the ice sheet retreated progressively towards the northwest. Subse- 
quent fragmentation of the margin of the ice sheet resulted in situ melting of 
isolated ice rernnants, producing widespread hummocky moraines, particular- 
ly in proximity to eskers. This phase of glacial retreat lasted for some 350 years 
in the study area, which was thus completely free of ice by about 10000 - 9300 
years BP. 

Rapid uplift followed deglaciation, as indicated by numerous small post- 
glacial faults in the central part of the region. 

Key words (GeoRef Thesaurus, AGI): glacial geology, ice movement, moraines, 
glaciofluvial features, deglaciation, faults, Quaternary, Ilomantsi, Finland. 

Jari Nenonen, Geological Survey of Finland, P.O. Box 77, FIN-96101 
Rovaniemi, Finland. 
Pekka Huhra, Geological Survey of Finland, FIN-02150 Espoo, Finland 

INTRODUCTION 

The study area covers about 750 km2 in the east- being bisected by the Koitere ice marginal forma- 
ernmost part of Finland, within the province of North tion. It lies to the northeast of the Finnish Lake 
Karelia. Glaciologically the area lies in the south- District ice lobe and the Salpauselka ice marginal 
eastern part of the former North Karelia ice lobe, formations (Fig. 1). 
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LAKE-FINLAND \h 

Glacial striae 

The geomorphology of the study area is rather 
variable, as is typical of North Karelia. The northern 
part of the region consists of a relatively elevated and 
undulating upland, contrasting with the southern part 
of the area, which is characterized by extensive 
swamps and wetlands and intervening esker and 
moraine formations, or isolated hills. Accordingly, 
in the northem part of the area, landforms have 
elevations varying between 170-260 m ASL, while 
in the southern part, elevations range between 140- 
230 m ASL. At a more local scale, topography 
typically varies within a range of 30-75 m. 

Fig. 1. Location of the study area and main ice marginal formations and 
esker systems in eastern Finland. 

GLACIGENIC EROSIONAL AND DEPOSITIONAL FEATURES 

Directions of ice flow 

Numerous determinations of the direction of gla- 
cial striations have been made from both natural 
outcrops and bedrock exposed in excavation pits. In 
general they consistently indicate ice flow from the 
northwest, between 310-330" (Fig. 2). Local varia- 
tions due to bedrock topography are however evi- 
dent, such as at Palovaara, where hilly terrain divert- 
ed the glacier, resulting in trends between 320-340". 
Younger, more westerly trending directions have 
been observed in proximity to eskers in the southern 
part of the study area. These represent processes 
during the final stages of glaciation, when flow at the 
glacier margin was directed by crevasses or tunnels. 
Lukanvaara, at the southern edge of the study area is 
one such place, where striae trending 270" cut the 
dominant earlier 325" trend. 

The prevailing 320-330" striation trends date from 
the final stages of glaciation before the formation of 
the Salpauselka marginal formations, when the mar- 
gin of the ice sheet was still entire and located far to 
the east of the study area. This contrasts with the 
younger westerly trends, which formed during gla- 
cial retreat, when the margin of the ice sheet had 
already been partitioned into separate lobes. Striae 
predating the Weichsel stage have not been found in 
the study area. 

The basal till and direction of ice flow 

A basal till of variable thickness was deposited by 
glacial activity throughout the study area (Fig. 2). 
Geochemical sampling at a density of 16 samplesl 
km2 indicates that the mean till thickness in the area 
is about five meters (Hartikainen and Nurmi, 1993, 
this volume). In the southern and central part of the 
study area, this basal till was covered by silt and sand 
deposited in glacial lakes during deglaciation. Sub- 
sequently extensive peatlands developed in these 
areas but in the northern, supra-aquatic part of the 
region, basal till is widely preserved. 

The basal till in the study area is generally 
unconsolidated and sandy, with only small amounts 
of clay-sized material. It is commonly stratified and 
contains lenses and layers of better sorted material, 
mainly sand. The pebble orientation in the basal till 
indicates that it was deposited during glacial advance 
from the direction 320-330". The pebble orientations 
also correlate well with striation trends, including 
local deflections towards eskers in the southern part 
of the study area. A good example of this phenome- 
non was exposed in an excavation to the southeast of 
Kuittila, where the orientation of the pebbles was 
275" in the upper part of the till bed and 315" in 
deeper parts (Fig. 2). In this case the lower till 
predates the so-called Salpauselka phase, whereas 
the upper till formed after the margin of the ice sheet 
had separated into the distinct North Karelia and 
Finnish Lake District ice lobes. 
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Eig. 2, Simplified map of glacigenic formations within the study area, also showing striation directions and till 
depths. 
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Till stratigraphy and formations 

Drumlins 

Drumlins are more intensely developed in the 
supra-aquatic northern part of the study area, al- 
though those in the south tend to be somewhat larger. 
The drumlins vary in size from small hillocks several 
meters in height to big vaara-type drurnlins tens of 
meters high. Big drumlins are most common in the 
central and southern part of the study area (Fig. 2). 
The most common drumlin type is a rock-cored 
drumlin, with a steep and broad proximal part and 
gently sloping distal end. In the rock-cored drumlins 
bedrock is often exposed in the proximal part or the 
rock core is covered by a relatively thin till bed. 
Orientation of the drumlins in the study area are 320- 
330°, parallel to the latest ice flow direction. Drum- 
lins are composed of sandy basal till. The most 
common structures in the drumlin till are shear planes 
and lenses or layers of better-sorted material, mainly 
sand. Pebble orientation in the drumlin till is sharp 
and it is parallel with the orientation of the drumlin 
ridges. 

Ice-marginal formations and end moraines 

Several recessional moraines of variable size were 
deposited in the study area. The most extensive of 
these formations is the Koitere ice-marginal mo- 
raine, passing south of Hattujärvi (Fig. 2) and trending 
east-northeast through the study area for about 2 km 
(Rainio, 1985). This ridge continues to the southwest 
as the Koitere ice-marginal formation, where it is 
associated with the Selkäkangas-Palovaara glacio- 

fluvial delta. The Koitere ice-marginal moraine is 
about 200 m wide and 5-10 m high in the study area 
and it is composed predominantly of sandy till. It 
continues further to the northeast, beyond the Rus- 
sian border, where it is known as the Rukajärvi ice- 
marginal formation (Ekman and Iljin, 1991). 

Small de Geer-type end moraine ridges to the 
north and West of Kuittila were deposited during 
short hiatuses in the retreat of the ice margin (Fig. 2). 
These are variable in size and often difficult to 
discern in the field. The ridges are composed of 
sandy and deformed till with characteristic stony 
surfaces. 

Areas of hummocky moraine 

During the retreat of the ice margin, dead ice 
remained in some areas and, after melting gave rise 
to hummocky moraines. Hummocky moraines occur 
in particular near eskers, as at Kuittila and the prox- 
imal part of the Koitere ice-marginal formation 
(Fig.2). The hummocky moraines in the Kuittila area 
have no morphological orientation. The surface of 
the hummocks is stony and the orientation of the 
pebbles in the hummocky till is relatively weak. 
Hummocky moraines associated with the Koitere 
ice-marginal formation tend, on the other hand to be 
elongate both parallel and perpendicular to the former 
margin of the ice sheet. This implies that during the 
final stages of retreat, the glacier margin was exten- 
sively fissured and crevassed, resulting in areticulate 
pattern of glacial deposits. 

GLACIOFLUVIAL DEPOSITS AND LANDFORMS 

Eskers 

A number of eskers formed as the ice sheet retreat- 
ed progressively towards the northwest, the most 
prominent of which is the Valkeajärvi esker which 
trends in a northwest direction obliquely across the 
southern part of the study area. To the east of Kuittila 
the esker bifurcates, with one branch trending north- 
wards in a discontinuous fashion, while the main 
esker continues in a northwest direction towards 
Isonpalonkangas, which is a rather broad distal plain 
deposit belonging to the Selkäkangas-Palokangas 

ice marginal complex (Fig. 2). To the West of the 
study area, the esker can be traced northwards for 
some distance as a very narrow ridge. Two relatively 
short and narrow northwest-trending eskers occur on 
the narthwestern side of the Koitere ice-marginal 
formation. Since they are perpendicular to the former 
margin of the ice sheet, and cannot be traced into the 
distal part of the marginal formation, it is likely that 
they formed in glacial crevasses or fissures. 

In general the eskers of the study area consist of 
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narrow discontinuous ridges, typically associated from thoroughly washed gravels to poorly sorted 
with various deltas, parallel ridges and kame topog- gravelly moraines. 
raphy. Materia1 in the eskers varies in composition 

Ice-marginal formations 

The Isopalonkangas distal plain is associated with 
the Valkeajärvi esker complex, while also forming 
part of both the Koitere ice-marginal formation and 
the extensive Selkäkangas glaciofluvial complex, 
situated to the southwest of the study area (Fig. 2). 
The delta prograded into the Ilomantsi ice lake, 
which formed in front of the margin of the ice sheet 
as it retreated towards the northwest. Sedimentation 
took place in two stages. At first deltaic deposits 
accumulated up to the level of the lake surface, then 

located at the present 175 m contour, after which 
sandur deposition occurred in the proximal parts of 
the complex (Hyvärinen, 197 1 ; Eronen and Vesajoki, 
1988). 

The remaining glaciofluvial formations of signifi- 
cance, such as those east of Hattujärvi, where a small 
supra-aquatic plain occurs adjacent to an esker for- 
mation, also form part of the Koitere ice-marginal 
formation. 

DEGLACIATION 

Studying the nature and timing of glacial retreat in 
North Karelia has been much more difficult than in 
other parts of Finland, and numerous studies have 
been undertaken, including those by Frosterus and 
Wilkman (1 9 17), Repo (1957), Hyvärinen (1966, 
1971), Rainio (1972, 1991), Lyytikainen (1982), 
Kurimo (1982), K. Nenonen (1984), Salminen and 
Hartikainen (1985), Eronen and Vesajoki (1988), 
Forsström (1989), Ekman and Iljin (1991) and 
Saarnisto (1991). These authors have had differing 
opinions concerning chronological correlations be- 
tween the Salpauselka ice marginal formations and 
the ice marginal formations and end moraines in the 
study area. 

Glacial retreat towards the northwest took place 
episodically and erratically, with some evidence for 
local advances as well, as recorded in the deposits of 
end moraines and the Koitere ice-marginal forma- 
tion. According to previous studies, the ice sheet had 

retreated as far as the distal parts of the Koitere ice- 
marginal formation by 1 1000- 10000 years BP and 
the study area was completely free of ice by 10000- 
9300 years BP (Hyvärinen, 1973). Lyytikainen (1982) 
considered deglaciation in North Karelia to have 
taken about 1500 years, with the margin of the ice 
sheet retreating at a mean annual rate of 140 m. This 
implies that withdrawal of the ice sheet from the 
study area would have taken approximately 350 
years. 

When the ice sheet margin had retreated to the 
position of Selkäkangas and Palokangas, the Ilomantsi 
ice lake was formed (Hyvärinen, 1975). The highest 
shorelines of the ice lake are preserved at current 
levels of 180-183 m ASL (Vesajoki et al., 1986). As 
the ice margin retreated beyond the Selkäkangas- 
Palojärvi delta complex, a new ice lake occupying 
the basin of the present Lake Koitere formed. 

POST-GLACIAL FAULTING 

Post-glacial faults disrupting bedrock were en- 
countered in exploration trenches at Muurinsuo. 
Faults trend NE-SW and show uplift towards the 
NW, with a total of 21 being found within a distance 
of 30 m. This represents a cumulative displacement 
of 30 cm, with displacements of individual faults 
varying from 3-45 mm (Fig. 3). 

Similar faults have been found some 4 km further 
north, at Palovaara, where they clearly truncate 320- 

340" trending striations formed during deglaciation, 
with displacements 5- 10 mm in height (Huhta, 1990). 

Post-glacial (or recent) faults represent reactiva- 
tion of pre-existing zones of weakness during rapid 
uplift associated with or following deglaciation 
(Kujansuu, 1964). Therefore, they may not be strict- 
ly speaking post-glacial. It is possible that they 
formed later, during the Holocene. 
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Fig. 3. Post-glacial faults; a: Palovaara (Finnish national gridco-ordinates x =6974.170, 
y = 4563.790); b: Muurinsuo (Finnish national grid CO-ordinates x = 6969.900, y = 
4562.760). Photo A. Kuivamaki. 
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The study area is situated within the area of the 
former North Karelia ice lobe, where the latest direc- 
tion of ice flow was from northwest to southeast, as 
recorded by striae trending 310-330" and in the 
alignment of drumlins and other glacigenic forma- 
tions. 

A basal till of variable thickness was deposited 
throughout the area and is extensively overlain by 
younger deposits. The basal till also formed dmm- 
lins, most of which have a rock core in the middle or 
proximal part. 

As the ice sheet retreated, a number of areas of 
dead ice remained, resulting in widespread hum- 
mocky moraines, typically in proxirnity to eskers and 
in the distal parts of the Koitere ice-marginal forma- 

tion. Glacial retreat was irregular and episodic, with 
occasional local advances, leading to the develop- 
ment of numerous small de Geer-type end moraines 
and the Koitere ice-marginal formation, which bi- 
sects the whole study area. A number of NW-SE 
trending eskers formed, perpendicular to the margin 
of the ice sheet, the most prominent of which is the 
Valkeajärvi esker associated with the Selkäkangas- 
Palokangas delta complex. 

The direction of glacial retreat was towards the 
northwest and took place over a period of about 350 
years, at a mean annual rate of 140 m per year. The 
study area was completely free of ice by 10000- 
9300 years BP. 
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The Hattu schist belt is a late Archean, predominantly metasedimentary 
sequence covering approximately 1000 km2 in easternmost Finland. In spite of 
locally intense and complex deformation, primary depositional features are 
commonly preserved, enabling a general stratigraphical sequence to be deter- 
rnined. Sporadic thin mafic and ultramafic flows occur throughout a sequence 
that in the north is characterizedby coarser sediments including volcanoclastics 
and possible allwial-fluviatile deposits, overlying and passing southwards 
into finer-grained sediments of turbiditic aspect. No depositional basement to 
the schist belt is known, although isotopic evidence for older crustal materia1 
exists. Isotopic age determinations from the schist belt as well as from tonalites 
and granodiorites intruding it indicate a rapid process of crustal evolution and 
deformation and, by implication, mesothermal gold mineralization, around 
2.75 Ga. 

Interest in the gold potential of the area was aroused when follow-up 
investigations into the source of W and Mo anomalies in till also revealed 
elevated Au abundances in certain vein systems within the Kuittila Tonalite, 
which intrudes the southern part of the schist belt. Subsequently, extensive, 
multielement till geochemical Studies over the schist belt at more detailed 
scales have been fundamental in delineating a >40 km long, discontinuous 
gold anomalous zone and a number of potential areas for follow-up surveys. 
Drilling has so far revealed more than ten prospects with economically 
interesting intersections, mainly from two zones over 10 km long, character- 
ized by almost continuous Au and Te anomalies associated with other 
pathfinder element enrichments, extensive hydrothermal alteration and in- 
tense deformation. Magnetic, Slingram and IP measurements generally failed 
to show distinct anomalies over mineralized zones. 

Gold mineralization is principally hosted by mica schists, feldspathic 
sediments and tonalitic intrusions, although it is not restricted to any rock type 
and cross-cuts lithological boundaries. Contact zones of competent tonalite 
stocks, porphyry dikes and felsic volcanics have been particularly favourable 
for focusing the ascent of mineralizing fluids and gold deposition. The main 
ore type is disserninated within strongly sheared and altered schists, but minor 
Au-bearing quartz(+tourmaline) veins have developed, particularly in felsic 
intrusives. Mineralization is encountered as heterogeneous tabular bodies, 
evidently containing lensoid- or pipe-like higher grade portions along the 
stretching lineation. Native gold is fine grained (mostly <15 pm) and occurs 
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largely in free-milling form between silicate grains, associated with pyrite, 
pyrrhotite and minor arsenopyrite and rutile; it is typically intergrown with Bi, 
Pb, Ag, Fe and Au tellurides and native bismuth. Total sulfide content is 
generally low (<2%), consisting of disseminated pyrite and pyrrhotite, and 
minor Cu, Zn and P b  sulfides, arsenopyrite, molybdenite and pentlandite. 
Scheelite is also a common accessory. Hydrothermal alteration includes 
hydration, silicification, potassic alteration, tourmalinization, sulfidation and 
carbonation. Strong alteration of tonalitic rocks has stabilized quartz, sericite, 
albite, calcite, K-feldspar and epidote-dominated parageneses, whereas the 
altered schist are characterized by quartz, sericite, biotite and chlorite assem- 
blages with a notable lack of carbonate. Gold mineralization is geochemically 
distinct from Archean deposits in other shield areas in that Te, Bi and B are 
relatively high, while As, Ag, W and S are rather low. The timing of 
mineralization with respect to the peak of metamorphism differs from that in 
classic late Archean low-grade greenstone terrains in that metamorphic 
textures indicate recrystallization after gold deposition. On the other hand the 
presence of mineralization in the Kuittila tonalite is direct evidence for gold 
being introduced during deformation. Thus, the age of the tonalite (2745I10 
Ma) places a maximum age limit on mineralization, while ages of 2700 Ma 
from monazite and sphene constrain the timing of cooling after recry stallization. 

None of the prospects have been drilled in sufficient detail to permit reliable 
resource estimates, but present results indicate at least several hundreds of 
thousands of tons ore grading about 8 ppm for the Ward deposit and 250,000 
t grading 5 ppm for the Ramepuro deposit. Sparse drilling at the other 
prospects has revealed individual ore-grade intersections over intervals from 
2 to 10 m thick. 

Key words (GeoRef Thesaurus, AGI): gold ores, greenstone belts, 
metasedimentary rocks, structural analysis, geochemistry, mineralogy, 
mesothermal processes, hydrothermal processes, mineral exploration, Archean, 
Ilomantsi, Finland. 

Pekka A. Nurmi und Peter Sorjoneiz- Ward, Geological Suwey ($ Finlund, 
FIN-02150 Espoo, Finland 
Martti Darnstén, Geological Survey of Finland, P.O. Box 1237, FIN-70701 
Kuopio, Finland 

INTRODUCTION 

The Hattu schist belt is a meridionally trending 
domain of predominantly metasedimentary rocks 
within the late Archean Ilomantsi Greenstone Belt, 
located in the province of North Karelia, in the 
easternmost part of Finland. Until recently, the only 
exploration activity that had been undertaken in the 
region was a reconnaissance survey of some areally 
extensive, but low grade banded iron formations 
(Niiniskorpi et al., 1975) and some unsuccessful 

attempts to trace the origin of sulfide-bearing glacial 
erratics. However, systematic Studies of till 
geochemistry carried out by the Geological Survey 
during the last decade, combined with the recogni- 
tion that the geology of the region is comparable with 
that of Archean terrains in other shields, have led to 
increasing interest in the gold potential of the schist 
belt. As a result, the Ilomantsi Gold Project was 
initiated in 1986. 

Location, access and exposure 

The Hattu schist belt straddles latitude 63 N, and 
is situated in the easternmost part of Finland, adja- 
cent to the Russian border, some 500 km to the 
northeast of Helsinki (Fig. 1). The areareviewed here 
is approximately 50 km from north to south and has 
a maximum width of about 20 km, although at its 
narrowest, the schist belt is scarcely more than a 
kilometer wide. The boundary between the Hattu 

schist belt and the remainder of the Ilomantsi 
greenstone belt is rather arbitrary, although in places 
it is effectively defined by intrusive granitoids. Ac- 
cording to published regional maps (Lavikainen, 
1973, 1975; Rundkvist et al., 1988), the Hattu schist 
belt appears to be contiguous with Archean 
supracrustal sequences in adjacent parts of Russian 
Karelia; in Fig. 1 these are regarded as discrete 
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1 Reworked Archean basement 
m 

Archean gneisses and granitoids bJl! Proterozoic rocks 
Fig. 1. Simplified map of the late Archean Karelian craton, bunded by the early Pmtmzoic Svecofennian (to the west) 
andBelomorian (to the east) orogens. Approximate extent of significant early Proterozoic reworking of Archean rocks is 
also indicated. The Hattu schist belt lies towards the southem end af a discontinuous zone of supracrustal rocks termed 
the Ilomantsi-Kostamuksha greenstone belt. 

segments comprising a regionally extensive Thereisgenerallypoorcorrelationbetweentopogra- 
supracrustal zone referred to collectively as the phy and bedrock lithology, with the exception of a 
Ilomantsi-Kostamuksha greenstone belt. distinct N-trending ridge coincident with the 

The Hattu schist belt forms topographically sub- Naarvanvaara Leucogranite and some NW-trending 
dued, undulating terrain, with a base level d e h e d  by eskers andnarrow valleys associated with Proterozoic 
a number of lakes at 145 m, and nsing to an elevation dolerite dikes. Isolated drumlins f o m  prominent 
of 283 m in the northernmost parr of the study area. hills rising out of swampland and are characteristi- 
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cally aligned NW-SE, parallel to the direction of 
retreat of the last ice sheet (Nenonen and Huhta, 
1993, this volume). Glacial and post-glacial deposits 
average five meters in thickness (Hartikainen and 
Nurmi, 1993, this volume; Nenonen and Huhta, 
1993, this volume, Fig. 2). These features along with 
dense vegetation cover, are nevertheless sufficient to 
preclude the use of aerial photographs or satellite 
imagery in interpreting bedrock geology, although a 
number of regional scale lineaments, which cross- 
cut Archean lithological boundaries, are discemible. 

Vehicular access to the study area is good, largely 
due to intensive forestry activity; an expanding net- 
work of logging tracks means that except in swampy 
terrain, very few areas are situated more than a 
kilometer from some kind of road. Furthermore, the 
sealed main road from Ilomantsi to Lieksa, which 
traverses much of the schist belt, is within a kilometer 
or so of the majority of prospects. Because of the 

relative abundance of swamps and small lakes, it has 
been more convenient to undertake drilling, 
geochemical sampling and geophysical profiling 
during the winter months, between November and 
May, when the ground and lakes are generally fro- 
zen. 

Small agricultural and pastoral holdings and pri- 
vately owned forests are scattered throughout the 
study area but much of the region consists of compa- 
ny- and state-owned regrowth forests, plantations 
and peatlands. Three national parks have been pro- 
claimed in the Ilomantsi region, intended primarily 
to protect swamps andwetlands and glacial landforms, 
but none of these impinge upon the parts of the Hattu 
schist belt under consideration here. In November 
1992, a part of eastern Finland, including much of the 
study area, was nominated for the UNESCO Bio- 
sphere Program, but this does not place any restric- 
tions on exploration or rnining activities. 

Previous investigations and geophysical coverage 

The southem part of the Hattu schist belt, which 
comprises part of the Ilomantsi 1: 100 000 map sheet 
(Sheet 4244 of the Finnish National Mapping Grid), 
was surveyed in the 1960's as part of the regional 
geological mapping program of the Geological Survey 
of Finland (Lavikainen, 1973). However, the northem 
part of the area (1 : 100 000 Map Sheet 4333 Naarva) has 
not previously been mapped in detail; with the excep- 
tion of a reconnaissance survey carried out early this 
century at 1: 400 000 scale (Frosterus and Wilkrnan, 
1920, 1924), the only information available at the 
cornrnencement of this study was contained within an 
unpublished report evaluating the potential ore re- 
serves within the banded iron formations (Niiniskorpi, 
1975). Between 1986 and 1989, the Geology Depart- 
ment of the University of Oulu carried out regional 
geological and geochemical studies in the vicinity as 
part of a project funded by the Finnish Ministry of 
Trade and Industry aimed at understanding and evalu- 
ating the ore potential of the Archean of eastem Fin- 
land. The results of these studies have been published 
in Finnish by Oulu University (see Piirainen and Vuollo, 
1991). In order to rationalize resources however, it was 
agreed that the Geological Survey would concentrate 
specifically on the Hattu schist belt, while the Oulu 
group focussed attention on greenstone sequences and 

granitoids further West. Nevertheless one undergradu- 
ate thesis was carried out specifically on a gold prospect 
within the Hattu schist belt (Ojala, 1988). 

Geophysical coverage of the region includes high- 
altitude airbome surveys flown by the Geological Sur- 
vey in 1954 and low altitude data for much of the schist 
belt, commissioned by Rautaruukki Oy during explora- 
tion and assessment of the iron formations, and later 
acquired by the Geological Survey. Hilkka Arkimaa 
and Viljo Kuosmanen at the Geological Survey Image 
Analysis Division and Jussi Aarnisalo at Outokumpu 
Finnmines Ltd subsequently processed these data and 
made available a variety of graytone and color pixel 
maps. During the course of the present project the 
Ilomantsi map sheet was reflown at 30-40 m altitude, 
with a profde spacing of 200 m, resulting in higher 
resolution aeromagnetic data for the southern part of 
the schist belt. Extensive and detailed ground geophys- 
ics including magnetic, Slingram and induced polariza- 
tion (I.P.) measurements were also carried out by 
Survey staff throughout much of the gold potential 
zone. The resulting digitized pixel maps, generated by 
Jouni Lerssi at the Regional Office in Kuopio, have 
proven extremely valuable in identiQing and interpret- 
ing lithological and structural features in areas of poor 
exposure. 

Impetus for gold exploration and scope of this paper 

Apart from the banded iron formations and miner- held any particular interest from an exploration point 
alized glacial erratics referred to above, there was of view. Nevertheless, systematic sampling of till in 
until recently no indication that the Hattu schist belt the area was carried out by the Geological Survey in 
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Kg. 2. Generalized distribution of intrusive aud supracrustal rock units withjn and surrounding the Hattu schiit belt; 
Pnncipal high-strain mnes, Au prospects and the location of larger scale figures are also indicated. 

the late 1970's, as part of aregional till geoehemistry distinct As, W and Mo anomalies in the southern part 
mapping program. Emphasis was initially given to of the Hattu schist belt, while corresponding heavy 
elements associated with base metal mineralization, fractions were found to contain scheelite. Follow-up 
but none of the Zn, Pb and Cu anomalies identified studies led firstly to the finding of tonalite-hosted W- 
proved to be of economic significance. However, in Mo quartz vein systems at Kuittila in 1984 and soon 
1982, reanalysis of the finest fractions of these Sam- after, to the discovery of Au-bearing shear zones 
ples for a variety of additional elements revealed within the Kuittila tonalite; this represented the first 
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Archean gold occurrence reported from the 
Fennoscandian Shield (Fig. 1) (Salminen and 
Hartikainen, 1986; Nurmi and Ward, 1989; Nurmi et 
al., 1989). Additional interest in the area was aroused 
when Outokumpu Oy (now Outokumpu Finnmines 
Ltd.) subsequently located and drilled a promising 
Au occurrence at Ramepuro, some 15 km north from 
Kuittila; this was a result of systematically analyzing 
gold abundances in rock samples originally collected 
because of their sulfide content (Pekkarinen, 1988). 

The gold potential of the area was further indicat- 
ed after reanalysis of stored till sarnples from the 
Ilomantsi map sheet for Au, which revealed wide- 
spread elevated gold abundances (Hartikainen and 
Nurmi, 1993, this volume, Fig. 5). Recognition of the 
general geological similarities between the Hattu 
schist belt and major gold producing terrains in other 
shield areas was an additional incentive for more 
detailed investigations. After the initiation of the 
Ilomantsi Gold Project by the Geological Survey in 
1986, more detailed till geochemistry, diamond drill- 
ing and other explorational activities, combined with 
bedrock geological studies, have shown that gold 
rnineralization is associated with hydrothermally al- 
tered zones of high strain that can be traced along the 
entire schist belt, for a total distance in excess of 40 

km (see, Hartikainen and Nurmi, 1993, Rasilainen et 
al., 1993, Sorjonen-Ward, 1993a, this volume). A 
number of Au occurrences have already been located 
by diamond drilling (Fig. 2), with detailed explora- 
tion having so far concentrated on a segment some 10 
km in length known as the Kuittila Zone (Fig. 2). Of 
the anomalies investigated by drilling elsewhere in 
the belt, the Pampalo Zone in the north, and the 
Ramepuro prospect, within the Hattuvaara Zone, 
have yielded the most promising results so far. 

None of the prospects have yet been drilled in 
sufficient detail to allow reliable mineral resource 
estimates. Furthermore, geological observations for 
most of the prospects are lirnited, since they typically 
occur in swampy, poorly exposed terrain. Neverthe- 
less, this paper reports current views of the geologi- 
cal setting of the prospects, and summarizes structur- 
al, geochemical and mineralogical features of the 
gold mineralization, described in more detail in the 
other papers of this volume. Furthermore, history of 
discovery of each target is reported and general 
implications for exploration are discussed. Genetic 
aspects of the gold rnineralization are discussed in 
more detail in another article of this volume (Nurmi, 
1993, this volume). 

GENERAL GEOLOGY OF THE HATTU SCHIST BELT 

The Hattu schist belt forms the easternmost part of 
the late Archean Ilomantsi Greenstone Belt and con- 
sists of several north and northeasterly trending zones 
of supracrustal rocks, that anastomoze between and 
around a number of syntectonic granitoid plutons 
(Fig. 2; Sorjonen-Ward, 1993a, 1993b, this volume). 
All exposed contacts between the schist belt and 
these granitoids are intrusive, or else tectonically 
modified, and hence the granitoids cannot represent 
depositional basement to the greenstone belt. More- 
over, and in contrast to the Kuhmo-Suomussalmi 
greenstone belt to the northwest (Fig. 1 ; Luukkonen, 
1992), there are no older Archean migmatites or 
gneisses exposed within or adjacent to the Hattu 
schist belt. Therefore, there is no direct evidence that 
the Hattu schist belt developed on an ensialic substrate. 
Isotopic data from both detrital and magmatic zir- 
cons do, however, indicate that an older crustal 
component was present in the source region of sever- 
al granitoids and contributed some materia1 to the 
schist belt sediments (Vaasjoki et al., 1993, this 
volume; Sorjonen-Ward and Claoué-Long, 1993). 
At its narrowest the schist belt is less than two 
kilometers wide, and at the present erosion level, no 
supracrustal rocks are located further than 4 km away 

from the nearest granitoid contact. 
The northern part of the belt is characterized by 

abundant and commonly coarse-grained felsic 
volcanoclastic rocks, with intercalations of andesitic, 
basaltic and, in the uppermost part of the exposed 
sequence, ultramafic lava flows (Fig. 2, see also Fig. 
12). South of the village of Hattuvaara however, 
there is less lithological diversity and mica schists 
and graywackespredominate (Sorjonen-Ward, 1993a, 
this volume). A series of lensoid tonalite stocks and 
associated porphyry dikes, which intruded roughly 
synchronously with the main folding phase, is a 
distinctive feature of the schist belt. Rapid crustal 
evolution of the schist belt is evidenced by the minor 
age difference between early volcanic rocks (2754+6 
Ma) and the tonalites (ca. 2745 Ma) (Vaasjoki et al., 
1989; Vaasjoki et al., 1993, this volume). The second 
stage of deformation evidently took place under the 
same strain field, though with a tendency to be 
localized within discrete shear zones. Although there 
is as yet no evidence for the overall duration of 
deformation and metamorphism, structures are read- 
ily interpreted as representing progressive deforma- 
tion, rather than a sequence of separate tectonic 
events (Sorjonen-Ward, 1993a, this volume). 
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Microstructural evidence indicates that the growth of 
mica, actinolite and garnet porphyroblasts was asso- 
ciated with this later stage of deformation, and in 
some instances outlasted it. (Sorjonen-Ward, 1993a, 
this volume). 

From the perspective of gold mineralization, it is 
convenient to subdivide the Hattu schist belt into 
four distinct zones, based principally on till 
geochemical anomalies, known prospects and bed- 
rock structural features, but also corresponding to 
some extent with differences in lithology. From 
south to north these are respectively, the Kuittila, 

Hattuvaara, Pampalo and Hosko anomaly zones (Fig. 
2). The Kuittila Zone includes all the prospects 
surrounding the KuittilaTonalite between the Raiskio 
and Tsurkkila shear zones. The Hattuvaara Zone is 
less well defined, but follows the western margin of 
the Viluvaara Granodiorite from Palosuo to 
Pyllynvaara, and includes the Ramepuro prospect. 
The Pampalo Zone continues from Pyllynvaara to- 
wards Pihlajavaara and includes the Ward and 
Korpilampi prospects, while the Hosko Zone is ef- 
fectively bounded by the Rosvohotu and Kivijoki 
shear zones. 

KUITT&A ZONE 

Definition 

This zone is named after the Kuittila farmstead, 
where the first indications of gold mineralization in 
the Hattu schist belt were found (Salminen and 
Hartikainen, 1986). Follow-up investigations indi- 
cated that the Kuittila Tonalite was, however, only 
locally prospective and attention has subsequently 
focussed on hydrothermally altered metasediments 
along the western margin of the tonalite. The north- 
western boundary of the Kuittila Zone is structurally 
defined by the Kauravaara Shear Zone (Fig. 3), 
which effectively coincides with the boundary be- 
tween hydrothermally altered chlorite-sericite schists 
and unaltered metasediments. The Kelokorpi and 

Tsurkkila shear zones trend subparallel to the eastern 
contact of the Kuittila Tonalite and may be taken as 
the eastern boundary of the Kuittila Zone (Fig. 3). So 
far however, there is less indication of extensive 
hydrothermal alteration in this area and gold poten- 
tial does not appear as great as to the West of the 
tonalite. To the north, the Kuittila Zone is effectively 
confined between the northern tip of the Kuittila 
Tonalite and the trace of the Korentovaara Conglom- 
erate Member around the Muurinsuo F, Antiform 
(Fig. 3). To the south and southwest, it has not been 
possible to accurately delineate the boundaries of the 
zone, due to exceedingly poor exposure. 

Mineralization and exploration 

Anomalous zones, based on till geochemistry and, 
in some cases, reconnaissance diamond drilling, in- 
dicate that the Kuittila Zone continues to the south of 
the area considered here, where the Viinivaara pros- 
pect, 4 km from Kelokorpi, has been located by 
diamond drilling (Hartikainen and Nurmi, 1993, this 
volume, Fig. 7). The Kuittila Zone is perhaps most 
clearly definedon the basis of till geochemical anom- 
alies, in particular those due to Au, Te, Na and loss of 
ignition, the latter two reflecting the intensity of 
hydrothermal processes in the country rocks adja- 
cent to the tonalite. Geological mapping and drill 
core Studies have shown that gold is anomalous 
throughout much of this hydrothermally altered zone. 
Detailed geochemistry based on several thousands of 
samples from the tilllbedrock interface (Hartikainen 
and Nurmi, 1993, this volume) and from a total of 
187 shallow (2-30 m) and deeper (100-150 m) dia- 
mond drill holes delineate the regional distribution 
of gold and demonstrate that the zone can be further 

subdivided into two parts - the Kelokorpi-Kuittila 
subzone in the south (Figs. 2, 3, 6 and 7) and the 
Korvilansuo-Kivisuo-Muurinsuo subzone in the north 
(Figs. 2, 3, 8 and 9). 

Gold mineralization occurs consistently through- 
out the former subzone, which is about 6 km long and 
500 m wide (Figs. 3, 8 and 9; see also, Hartikainen 
and Nurmi, 1993, this volume, Fig. 13). Anomalous 
gold values are virtually confined to a sharply demar- 
cated zone between the Kuittila Tonalite and 
Kauravaara Shear Zone, consisting of variably al- 
tered feldspathic and micaceous metasediments. The 
Kuittila Tonalite is not strongly altered or mineral- 
ized in this area, although related porphyritic tonalite 
dikes are often intensely deformed and elevated gold 
abundances are often found in adjacent schists. No 
mineralization has been found in the sedimentary 
sequence between the Kauravaara Shear Zone and 
the Silvevaara Granodiorite, nor within the 
granodiorite itself. Gold contents within the rnineral- 
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Fig. 3. Geological map of the Kuittila Zone, showing location of gold prospects and more detailed figures. 
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ized zone are generally between 10 to 100 ppb but 
several parallel zones up to tens of metres in width 
and several kilometers long having values systemat- 
ically in excess of 100 ppb Au have also been 
delineated. These anomalous zones in turn contain 
sporadic econornically interesting gold assays (>1 
ppm) over intervals several meters in thickness. 
Hydrothermal alteration is typically manifest as 
quartz-sericite-biotite-chlorite assemblages with 
weakly disseminated iron sulfides, and quartz vein- 

ing is not prominent. Alteration is generally perva- 
sive across zones tens of meters wide, although in the 
Korvilansuo area (Figs. 3 and 8), highly deformed 
and altered rocks attain a width in excess of hundreds 
of meters. However, Au content does not correlate in 
detail with alteration intensity or sulfide abundance, 
making it difficult to discriminate between ore-grade 
material and barren rock, either visnally or by the use 
of geophysical techniques. 

Lithology and structural features 

The protoliths to the altered rocks, and to this part 
of the schist belt in general, were feldspathic wackes 
and pelitic alternations of variable thickness. Their 
chemical compositions closely resemble lithologies 
interpreted elsewhere in the belt as volcaniclastic, 
including some true pyroclastic deposits, and are 
thus likely to represent reworking and distal deposi- 
tion of locally derived material (O'Brien et al., 1993, 
this volume). Clasts in conglomeratic intercalations 
are consistent with this interpretation, some being 
intraformational and sedimentary in origin, while 
others resemble porphyritic volcanic lithologies. Iso- 
topic data do however suggest that an additional 
older detrital component is present as well (Vaasjoki 
et al., 1993, this volume). Primary lithological layer- 
ing is recognizable in many outcrops and grading and 
cross-bedding are sporadically preserved, enabling 
regional scale structures to be identified. Mafic inter- 
calations several meters in thickness are relatively 
common and due to the abundance of chlorite and 
actinolite, are readily distinguished from the prevail- 
ing feldspathic graywackes. They are however too 
thin and abundant to form useful marker horizons, so 
that the continuity of individual beds between adja- 
cent drilling profiles has not been established. Some 
units contain rounded felsic clasts, suggesting a 
resedimented origin, but some more mafic and mas- 
sive as well as fragmental rocks are also present at 
Kivisuo and Korvilansuo. 

Changes in depositional younging direction and 
cleavage and minor fold geometry enable the north 
plunging Muurinsuo F, Antiform to be traced for a 
number of kilometers parallel to the margin of the 
Kuittila Tonalite (Fig. 3). The Korvilansuo Shear 
Zone is interpreted as obliquely truncating the hinge 
of the Muurinsuo Antiform, with displacements in- 
creasing southwards, so that the Korentovaara Con- 
glomerate Member can be traced coherently around 
the antiform at the northern end of the Kuittila 
Tonalite (Figs. 3 and 9). It also appears that subsid- 
iary folds have developed at the Muurinsuo prospect, 
which complicate interpretations, particularly when 

made from drill core. Porphyritic tonalite dikes are 
generally strongly deformed and concordant with the 
country rock foliation and lithological layering. They 
have not however been traced convincingly around 
F, fold hinges and are therefore interpreted as paral- 
lel to S, axial planes in Figs. 3 ,8  and 9. It is unlikely 
that the Korvilansuo Shear Zone is as sharply defined 
as Figs. 3 and 9 suggest. However, it does appear that 
geophysical anomalies within E-younging, N-strik- 
ing sediments are truncated as shown, and that this 
coincides with a change in trend and younging direc- 
tion, indicating that the hinge of the Muurinsuo F, 
has been crossed. Likewise, very high strain and 
dynamic recrystallization is characteristic of rocks at 
Korvilansuo, as seen in both outcrop and drill core 
(Fig. 5e and f). 

Tonalitic porphyry dikes with quartz andlor 
plagioclase phenocrysts are common throughout the 
Kuittila Zone and vary in thickness from a few 
decimeters to several tens of meters. Geochemical 
similarities with the Kuittila tonalite, and the increas- 
ing abundance of dikes in proximity to the Kuittila 
Tonalite suggest that they are closely related. Drill- 
ing at Korvilansuo and Kuittila indicates that the 
southwest margin of the Kuittila Tonalite contains 
numerous screens of metasedimentary country rock 
and leads to an interpretation of pluton emplacement 
by successive dike emplacement during progressive 
deformation (Sorjonen-Ward, 1993a; this volume). 
Overall, the Kuittila Tonalite is a lenticular, sheet- 
like body dipping about 60" to west, below the schist 
belt. The pluton is zoned, with a more leucocratic K- 
feldspar bearing central unit, and porphyry dikes are 
virtually absent from the eastern side of the intrusion. 
It is not known how far hydrothermally altered 
lithologies continue southwards and westwards from 
Korvilansuo, nor is the precise extent of the schist 
belt known, due to the absence of outcrops and a lack 
of distinctive geophysical anomalies. The degree of 
divergence between the eastern and western limbs of 
the Muurinsuo Antiform (about 40") nevertheless 
requires either a considerable thickness of structural- 



Geological Survey of Finland, Special Paper 17 
Pekka A. Nurmi, Peter Sorjonen- Ward and Martti Damstén 

ly underlying sediments, or that the Pogosta 
Granodiorite terminates in t k  vicinity. The latter 
alternative is favoured by the presence of relatively 
thick tonalitic dikes within several drill-holes at 
Korvilansuo, associated with extensive alteration 
and mineralization (Fig. 8). 

The southern part of the Kuittila zone is character- 
ized by gold mineralization within or adjacent to the 
Kuittila Tonalite (Figs. 3 , 6  and 7). Gold anomalies 
appear to define a northwesterly trend oblique to the 
margin of the tonalite but individual anornalies are 
oriented in a north-muth trending en echelon pattern, 
and are best developed near intnisive contacts at 
Kuittila itself and to the south at Kelokorpi. Gold 
mineralization occurs in shear zones several meters 
wide exhibiting intense sericite-biotite alteration and 
abundant quartzf carbonate veins in othenvise weakly 
deformed tonalite. 

Ground geophysics including magnetic, Slingram 
and IP measurements, with aline spacing of either 50 
or 100 m, cover the whole of the Kuittila Zone. As 
stated above, gold mineralization is not revealed by 
geophysics, neither is the schist belt distinguishable 
from tonalite on the basis of magnetic or slingram 
anomaly data. However, fine-grained disseminations 
af pyrrhotite are characteristic of the mica scbists and 
commonly generate distinct IP anornalies, whereas 
the distribution and abundance of sulfides and oxide 
minerals in granitoids results in generally wsak IP 
responses. Therefore, the IP anomaly data have prov- 
en to be more valuable than magnetic data in inter- 
preting structural features within the supracrustal 
rocks and delineating the contact between the schists 
and intnisive rocks in the Kuittila Zone (Fig. 4). 
Some porphyry dikes in the region, such as the main 
Kivisuadike, also appear to be associated with mark- 
edly positive IP anomalies; one of the most promi- 
nent of these can be traced from Kivisuo through to 
Komilansuo and appears to obliquely truncate anom- 
alies caused by different metasedimentary units (Figs. 
3,4and 8). 

Pig. 4. Color pixel map showing induced polarjzation anomalies forpart of the 
Kuittila Zone. 
Strong responses are shown by golden color, while more subdued signa- 
tums, coinciding ciosely with the KuittilaTonalite, are indicated by bluish 
shades. Data based on ground measurements at 20 m intervals with a 
variable line spacing of either 50 or 100 m. Image processing by P. 
Hunhtanen, GSF Espoo using DISIMP software with oblique (45O) 
i l l u ~ a f i o n  from the east. 

Kuittila prospect 

The Kuittila prospect is situated at the southwest- both scarce and small but even though till is in places 
ern margin of the Kuittila Tonalite (Fig. 3), on the up to 10 m thick, it has been possible to examine and 
flanks of a small hill. Natural outcrops in the area are sample bedrock in a number of exploration trenches. 



Further information has been obtained from a total of 
18 diamond drill holes, amounting to about 2400 m 
of drill core. The prospect was discovered inadvert- 
ently while attempting to determine the source of 
scheelite and anomalous W and Mo in till. Follow-up 
sampling indicated a distinct Mo anomaly at Kuittila 
associated with a more dispersed distribution pattern 
of W (Salminen and Hartikainen, 1986). Excavation 
and subsequent drilling resulted in the discovery of 
tonalite-hosted quartz vein systems carrying scheelite 
and molybdenite. In addition to these discrete quartz 
vein systems, quartz-sericite dominated shear zones 
were observed in the excavated trenches. Analyses of 
the altered rocks yielded ore-grade Au assays, whereas 
reanalysis of the original till samples indicated more 
regional Au potential, which led to the start of gold 
exploration in the Kuittila area in 1985. Heavy min- 
eral studies around the prospect have revealed abun- 
dant fine gold grains in till, particularly in the north- 
ern side of the known mineralization (Huhta, 1993, 
this volume). 

Alteration associated with mineralization 

Gold mineralization is virtually restricted to quartz- 
sericite shear zones and veins within the Kuittila 
Tonalite (Fig. 6); mica schist enclaves and screens 
are seldom mineralized or altered, except for some 
biotite enrichment at tonalite contacts. The Kuittila 
Tonalite is typically medium-grained and 
equigranular, with randomly oriented subhedral 
plagioclase grains and oriented aggregates of fine- 
grained biotite that often shows greenish to pale yellow 
pleochroism; homblende is absent and K-feldspar is 
uncommon. Alteration of the tonalite is not necessarily 
associated with increasing strain intensity - in some 
places the rock is only weakly foliated, with saussentic 
but undeformed plagioclase grains in a recrystallized 
predominantly quartz-biotite-calcite groundmass. The 
rather consistent orientations of deformed quartz vein 
arrays throughout the prospect also indicate relatively 
weak bulk deformation, or else brittle to ductile dis- 
placement along discrete narrow zones (Fig. 5a). Nev- 
ertheless the most highly mineralized zones are both 
strongly sericitized, with complete destruction of 
plagioclase and biotite, and intensely deformed (Fig. 5b 
and c). This alteration is also evident as a rock 
geochemical anomaly within the tonalite over hun- 
dreds of meters around the prospect, with distinct 
enrichments in Mo, W, CO,, Cu, S, Rb, K, Si and loss 
on ignition and conversely, depletion in Na and Sr 
compared with unmineralized parts of the pluton. 

Drill core observations show that the tonalite is 
sheared and bleached over distances of several meters 
around the quartz lodes. Hydration, carbonation and 
potassic alteration are characteristic, reflected in a 
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rnineral assemblage containing quartz, albite, sericite, 
calcite, K-feldspar, biotite and epidote. Where altera- 
tion is most intense, quartz, sericite and carbonate 
dominate. (Kojonen et al., 1993, this volume). Tourma- 
line is an accessory component and total sulfide abun- 
dances are low, represented principally by 
disseminations, isolated aggregates and veinlets of 
pyrite and pyrrhotite with minor Cu-Zn-Pb sulfides and 
molybdenite, accompanied by scheelite, ilmenite and 
rutile. Gold is fine grained (up to some tens of 
microns) and erratically distributed throughout the 
quartz veins so that assays from adjacent lodes may 
vary from banen to ore-grade values. Native gold 
occurs principally as inclusions or intergrowths with 
pyrite in association with sporadic tellurides (Kojonen 
et al., 1993, this volume). 

Structural featnres and interpretation 

Mineralization has been identified and drilled 
within a zone several hundred meters wide and about 
1 km long at the north-south trending contact zone 
between the Kuittila Tonalite and the Hattu schist 
belt (Fig. 6). Individual intersections can assay 2-5 
ppm Au over some meters, and locally up to 20 ppm 
Au over a meter-wide interval, but no continuous 
ore-grade zones have been delineated. Two separate 
types of mineralization have been recognized, based 
on structural overprinting relations. The first type 
involved at least two sets of discrete NW-WNW 
trending subvertical quartz veins containing 
molybdenite and scheelite. These formed prior to 
NW-sinistral auriferous shear zones that are charac- 
terized by intense veining, silicification and 
sericitization (Fig. 5b and c). Barren NE-dextral 
milky quartz veins (Fig. 5a) and narrow brittle- 
ductile shear zones truncate the early molybdenite- 
scheelite quartz veins but their relationship to the 
auriferous veins has not been seen. Therefore, al- 
though they would be kinematically appropriate as 
conjngates to the gold-bearing veins, it remains to be 
demonstrated whether or not they were coeval. The 
milky quartz veins are also cut by narrow laminated 
quartz-tourmaline veinlets (Fig. 5a). The apparent 
sinistral offset of such a vein parallel to the milky 
quartz veins in Figure 5a may have a substantially 
vertical, rather than strike-slip displacement. If such 
features are reiterated on a larger scale, then it may 
account for the difficulty in interpolating mineral- 
ized zones between one drill core and the next. 

No constraints exist on the absolute time interval 
involved in vein formation, or how much deforma- 
tion represents later, even Proterozoic reactivation. 
Similar vein orientations and deformation patterns 
have been identified at the margin of the Kuittila 
Tonalite at Kivisuo, some 3 km to the northwest of 
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Fig. 5a. NE-Vending composite parallel barren quartz veins in Kuittila Tonalite in Test Pit M3 at Kuittila prospect. Note apparent sinistral offset 
of weakly buckled thin Iaminar tourmaline-quartz veinlet. 
5b. Atypically pyrite-dch butotherwise representative quartz-sericite rock from auriferous shearzoneelcposed in Test Pit 2 at the KuittilaProspect. 
Diameter of coin is 24 mm. 
5c. Episodic vein formation and deformation in sawn slab (approximately IOcm x l5cm)from Au-mineralizedshear zone inTestPit 2 at the Kuittila 
prospect. Tonalite is largely replaced by quartz-sericite-calcite; this assemblage probably predates fonnation of some of theveies since angulaf 
wall-rock fragments in enclosed by vein quartz also show this mineral assemblage. Note also buckled wins at bottom right, with cross-cutting 
nmow veins in axial planar orientation, and possible sinistral dilational veinlet with drusy quartz at Iowa left. 
5d. Typical example of sericitized porphyroblasrs (Brunton compass indicates scale),probably after andalusite in pelitic mica schists at Kivilampi. 
T& lorality, while shcnving these hydrothamal alteration fmures, is nevertheless not known to contain Au mineralization. 
5e. Microphotograph of hydrothermally altefed pelitie schist frorni the Korvilansuo prospect. Upperpart of photograph shows fine-grained sericite 
pseudomorphing inferred post-S, andalusite porphyroblast. Note deformation of margin of pseudomorph associated with S, crenulation cleavage 
devdopment, consistenr with dynamic recrystallization of alteration assemblages. Width of view is 4.7 mm. 
5f. Elynamically recrys~ailized quart-biotite-garnet-pyrrhotite assemblage from within mylonitic rnetasediments hosting gold mineralization at 
Korvilansuo (Dnll Hoh R32.5-76.60 m.). Note in particular the presence of elongate pymhotite and quartz iaclusions inside g ~ t  porphyroblast, 
and high angle between inclusion trail fabcic and classical T y p ~  1 S-C mylonite surfaces (cf. Lister and Snoke, 1984). Width of view is 4.7 mm. 
5g. Relict depositional layering preserved in hydrothermally altered quartz-chlorite-sericite metapelites associated with the Muurinsuo prospect. 
Dextral extensional brittle-diictile shear bands and displacements distorting and tru-atiag dominant, nearly bedding-conl-srdant schistosity do 
not show any evidence for remobilizing or othemise hosting gold mineralization. Brunton compass gives scale. 
5h. Road cutting at Korpilampi Prospect showing gently plunging F, fold and deformed and mineralized pegmatite dike intruded into strongly 
altered and tourmalinized intermediate schist. 
5i. Sinistral opening and progressive shearing and buckling of toiirmaline veins in mineralized hydrothermally altered porphyritic tonalite dike 
at the Ramepuro Prospeet. Diameter of coin is 24 mm. 
5j. Gold-bearing brittle-ductile shear zone within porphyry dik% fmm discovery outcrop at Ward deposit. Diameter of coin is 24 mm. 
5k. Intense rodding lineation in porphyritic tonalite dike associated with main orezone at Ward depos~t. 
51. Representative sample of ore from Ward deposit: gold is most typically disseminated however, rather than within quartz veins. Diameter of 
coin is 24 mm. 
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Fig. 6. Schematic lithological map of the Kuittila prospect showing projected surface trace of gold 
mineralization. 

Kuittila (Sorjonen-Ward 1993a, this volume). This 
suggests that after cooling sufficiently to deform by 
brittle failure the pluton was subjected to only small 
amounts of regionally homogeneous strain. Mic- 
rostructural observations of recrystallization within 
and at the margins of molybdenite-scheelite-bearing 
quark veins also indicate that penetrative foliation 
developed in the tonalite after, if not during vein 
development (Sorjonen-Ward, 1993a, this volume). 
The quartz veins in the gold-bearing shear zones 
contain angular, but dynamically recrystallized frag- 
ments of altered wall-rock, and show a variety of 
features such as laminar textures, truncation and 
buckling of earlier-formed veinlets in appropriate 
orientations and even narrow cavities containing 
drusy quartz (Fig. 5c). The latter features, along with 
the quartz-sericite alteration suggest that episodic 
brittle and ductile behaviour within the mineralized 
zone was a result of cyclic variations in hydrostatic 

fluid pressure (cf. Sibson et al., 1988). Because the 
prospect is so poorly exposed and sparsely drilled, 
present data do not allow definite conclusions on the 
geometry of mineralization to be made. It is not clear 
whether the main auriferous shear zone is part of a 
systematic, en echelon network or merely an isolated 
feature, for instance an antithetically rotated boudin 
neck within an overall dextral N-NE trending shear 
zone system. 

The molybdenite-scheelite-bearing discrete quartz 
vein sets are most abundant to the NE of the aurifer- 
ous lodes (around pit M3 in Fig. 6). Veins are usually 
several centimeters wide and fairly coarse-grained 
molybdenite and scheelite(-powellite) grains occur 
both within the veins and in adjacent micro-cracks 
together with Fe sulfides and minor chalcopyrite. 
Maximum Mo and W contents assay 0.2% over 
intervals several meters in width. 

Kelokorpi prospect 

The Kelokorpi prospect is located some 2 km (Fig. 3). No exposures of bedrock are known in the 
southeast of the Kuittila occurrence, at the eastern vicinity of the prospect, so that the position of the 
margin of southeastern contact of the KuittilaTonalite Kelokorpi Shear Zone and the recognition of alter- 



nating tonalite dikes and sediments at the margin of 
the pluton is based on geophysical and drill core data. 
The areaof tonalitebetween theKuittila and Kelokorpi 
prospects contains scattered till geochemical anom- 
alies of Au and associated pathfinder elements 
(Hartikainen and Nurmi, 1993, this volume, Fig. 8), 
indicating that they belong to the same general min- 
eralization system. 

Follow-up till geochemical sampling at Kelokorpi 
revealed more consistent Au anomalies with erratic 
high Ag contents along the schist contact. Elevated 
Au contents defined parallel zones conformable with 
the contact over a distance of about 1 km (Fig. 3), but 
only one of the anomalies was checked by drilling. 
Gold was discovered within two intervals: 1 m grad- 
ing 2.1 ppm within the tonalite and 4 m grading 3 
ppm (1 m attaining 5.1 ppm) within the schists (Fig. 
7). Host lithologies consist of weakly deformed and 
altered tonalite and more distinctly altered mica 
schists and graywackes with some more intermedi- 
ate, possibly tuffitic layers and sporadic, roughly 
concordant porphyry dikes. 

The graywackes have been variably altered to 
sericite- or biotite-dominated schists, whereas dis- 
tinctly greenish chloritic schists may have had a 
tuffaceous origin. Tourmaline-rich zones are com- 
mon, and the schists contain a pervasive, though 
weak sulfide dissemination comprising pyrrhotite, 
sphalerite and chalcopyrite. Primary depositional 
laminations are discernible in some sections of drill 
core, with early unmineralized quartz veins devel- 
oped parallel to lithological layering. Intensely de- 
formed and recrystallized fine-grained mylonites are 
also present; this lithology in fact locally contains 
some of the highest gold contents recorded from the 
prospect. Ilmenite is partly altered to rutile. In addi- 
tion to the abovementioned ore minerals disseminat- 

Geological Survey of Finland, Special Paper 17 
Geological setting, characteristics and exploration history of msothermal ... 

ed arsenopyrite, molybdenite, tellurides and 
argenropentlandite were identified (Kojonen et al., 
1993, this volume). Native gold was discovered 
within a tourmaline-quartz vein in association with 
tourmaline, molybdenite, arsenopyrite, hedleyite and 
altaite as well as interstitial silicates in a porphyry 
dike. 

Where mineralized, the tonalite is typically sheared 
and may contain thin quartz veins with some pyrite, 
pyrrhotite, chalcopyrite, sphalerite, galena and errat- 
ic molybdenite (Kojonen et al., 1993, this volume). 
Pentlandite occurs as an exolution phase inpyrrhotite 
and chalcopyrite contains inclusions of rnachinawite. 
No gold grains were discovered but metauic bismuth 
was found in association with galena. Hydrothermal 
alterationis indicatedby the breakdown ofplagioclase 
to sericite and calcite, the alteration of biotite to 
chlorite and of ilmenite to rutile. 

II 

GBLD MINERALIZATION 

Fig. 7. Simplified profile through Drill Hole R329 at the Kelokorpi 
prospect, showing relative gold tenors assayed ouer 11m intervals. 

Korvilansuo and Kivisuo prospects 

The gold potential of the Kivisuo - Korvilansuo 
area was already evident from the first till geochemical 
maps produced for the Kuittila Zone, based on 16 
samples/km2 (Hartikainen and Nurmi, 1993, this 
volume, Fig. 8). Apart from Au, Te and Bi, the area 
was clearly delineated by anomalous abundances of 
As and B, and low Na but high ignition loss values, 
reflecting extensive hydrothermal alteration proc- 
esses. Follow-up sampling indicated that the area 
includes several extensive Au anomaly zones 
(Hartikainen and Nurmi, 1993, this volume, Fig. 13). 
In 1986, arsenopyrite-bearing bedrock samples con- 
taining 4-8 ppm Au were recovered from an explora- 
tion pit excavated into one of the most anomalous till 

geochemical sampling sites in the Kivisuo swamp. A 
number of bedrock Au anomalous zones were subse- 
quently located as a result of a shallow diamond 
drilling program, comprising 2 to 30 m long cores 
drilled 50 to 100 m apart along several E-W traverses 
across the schist belt. Mineralized lithologies con- 
sisted mostly of sheared, silicified and partly 
tourmalinized porphyry dikes and tourmaline-bear- 
ing mica schists showing visible signs of chlorite- 
sericite alteration. Evaluation has been difficult since 
although there are some reasonable natural expo- 
sures at both Kivisuo and Korvilansuo, none of these 
coincide with the mineralized targets. 
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Structural and lithological context 

In spite of alteration and relatively high strain, 
primary depositional grading has been recognized in 
some graywacke units, both in outcrop and drill core, 
which has permitted a major antiform to be traced 
from Korvilansuo through Kivisuo (Fig. 8). As stated 
earlier, the shear zones in Fig. 8 (and in Figs. 3 and 
9) are somewhat stylized and no direct evidence has 
been found in either drill core or outcrop for substan- 
tial discrete displacements. The truncation of geo- 
physical anomalies and outcrop information con- 
cerning younging directions and cleavage-lithology 
geometry nevertheless indicate some kind of high 
strain zone obliquely transecting the antiformal hing- 
es. The W-dipping and W-younging antiform limb 
between the Korvilansuo and Kauravaara shear zones 
consists of a W-younging stratigraphical sequence 
consisting predominantly of thin- to medium-bed- 
ded feldspathic graywackes overlain by somewhat 
coarser and thicker units including pebbly conglom- 
erates with both intraformational and probable 
porphyritic felsic volcanic clasts. An intervening 
mafic horizon is also present, which in places con- 
sists of several massive sill- or flow-like horizons 
with barren glassy quark veins; elsewhere there is 
evidence for a layered, clastic origin, with large 
hornblende pseudomorphs after presumed pyroxene 
phenocry sts. 

Distribution of gold at Kivisuo 

Diamond drilling during 1987- 1990 comprising 
27 holes (total length 3846 m) revealed several 
separate, discontinuous, NE-trending Au-bearing 
zones within the western limb in the Korvilansuo- 
Kivisuo area (Fig. 8). At Kivisuo, disseminated min- 
eralization occurs within silicified, chloritized and 
sericitized tourmaline-bearing mica schists intruded 
by porphyritic and medium-grained tonalite dikes. 
The two mineralized zones seem to occur to either 
side of the mafic horizon which is evidently devoid 
of mineralization, a conclusion consistent with the 
absence of an IP anomaly associated with this unit. 
However, the more westerly zone does contain some 
distinct, thin intermediate to mafic clastic intercala- 
tions which may be favourably mineralized. The 
eastern mineralized zone lies nearer the hinge of the 
Muurinsuo F, Antiform, and may be concordant with 
lithological layering and the dominant foliation which, 
throughout this region dips at about 60" NW. The 
best intersection assayed contained 4 ppm Au over 5 
m core length. Sulfide disseminations in the ore 
zones consist mainly of pyrrhotite, chalcopyrite and 
pyrite, and gold is intergrown with arsenopyrite and 

tellurides (Kojonen et al., 1993, this volume). Typi- 
cally, zones of disseminated mineralization vary in 
thickness from 0.5 to 5 m with average grades be- 
tween 1 and 10 ppm. However, the reconnaissance 
drilling done so far has not been successful in locat- 
ing continuous highly mineralized zones, and fur- 
thennore the arsenopyrite-bearing, higher-grade veins 
proved to be rather narrow. 

Alteration assemblages and mineralogy at 
Korvilansuo 

Two separate targets were drilled at Korvilansuo. 
One of these, near to the margin of the Kuittila 
Tonalite (Fig. 8) was drilled on the basis of encour- 
aging Te and Bi till geochemical anomalies, but only 
one of the three pilot holes intersected a thin miner- 
alized zone. The other target has been examined 
more thoroughly and is located near the northern end 
of some tonalite dikes, one of which is nearly 100 m 
thick (Fig. 8). Hydrothermal alteration of both the 
tonalite and the mica schists is widespread and per- 
vasive and the rocks are commonly intensely strained 
and larninar; in many instances they may be de- 
scribed as recrystallized ultramylonites. The tonalite 
was evidently compositionally similar to the Kuittila 
Tonalite, but is now largely altered to a fine-grained 
tourmaline-quartz rock, and the schists are predom- 
inantly composed of quartz-sericite-chlorite-biotite 
with locally abundant tourmaline and also almost 
totally sericitized pseudomorphs after andalusite 
porphyryblasts, commonly several cm across (Fig. 5 
d and e). These pseudomorphs usually show evi- 
dence of inclusion trails surviving from original 
porphyroblast growth and the effects of subsequent 
dynamic recrystallization, indicating that ductile de- 
formation and crenulation cleavage development 
post-dated sericitization (Fig. 5e). In aluminous 
lithologies, chlorite, biotite, garnet and locally 
staurolite and kyanite porphyroblasts are present, 
evidently post-dating earliest stages af deformation, 
but pre-dating or accompanying crenulation cleav- 
age formation. These textural observations have been 
important in assessing the relationships between 
metamorphism, deformation and the timing of gold 
mineralization. 

Gold at Korvilansuo is both disseminated within 
mica schists and concentrated in sets of tourmaline- 
quartz veins some tens of centimeters thick assaying 
10 to 15 ppm Au in the schists structurally overlying 
the main tonalite dike. Tourmaline was evidently 
introduced in two stages, the first being related to 
replacement type alteration of the tonalite and unre- 
lated to gold, while the later stage involved vein-type 
alteration associated with gold deposition. Sulfides 
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Fig. 8. Geological setting of JQrvilansuo and Kivisuo prospects within tb Kuittila zone (see Fig. 31, based on outcrop 
mapping, ground geophyrical studies and dnU core information. 

include pyrrhotite, chalcopyrite and pyrite w&h mi- sulfide-sulfide and silicate-sulfide grain boundaries, 
nor arsenopyrite, galena and sphalerite (Kojonen et commonly with fine-grained Au-Ag-Bi-Pb tellurides 
al., 1993, this volume). Native gold is fine grained and native bismuth. 
and occurs principally as inclusions in sulfides, Qr at 
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Muurinsuo and Elinsuo prospects 

Mineralization at Muurinsuo was revealed by 
prominent Au and Te and less distinct As, LOI and 
negative Na anomalies following 16 samples/km2 till 
geochemical sampling in the northern end of the 
Kuittila Zone (Hartikainen and Nurmi, 1993, this 
volume, Fig. 8). Subsequently, more detailed sam- 
pling indicated a continuous NE-trending anomaly 
zone within the schist belt, about 200 m from the 
northwestern contact of the Kuittila Tonalite (Figs. 3 
and 9; see also Hartikainen and Nunni, 1993, this 
volume, Fig. 17). During 1987- 1990 a total of 2048 
m was drilled, comprising 21 separate holes. As a 
result, a mineralized zone some 300 m in length and 
about 10 m thick was delineated, along with several 
subparallel subsidiary horizons. The best assays are 
typically found over intervals 1 to 5 m thick, but 
based on present knowledge the ore grades appear to 
be irregularly distributed and probably represent 
numerous separate lense or pipe-like lodes that may 
be elongated parallel to the dominant shape fabric 
lineation, which in this region trends at about 60-70" 
NW. The best assays obtained were 2.5-4.9 ppm Au 
over 5 m (including 7.2 ppm Au over 3 m), but the 
present density of drilling (50 m profile spacing) 
does not allow reliable mineral resource estimates to 
be made. 

The lithology is characterized by tightly foliated 
mica schists with graywacke and mafic tuffitic 
interbeds, invariably altered to sericite and sericite- 
chlorite schists (Fig. 5g). Quartz-plagioclase por- 
phyry dikes, commonly showing pyrite dissemina- 
tion and strong shearing, are abundant particularly in 

the southwest part of the ore zone. Alteration in the 
northeastern part is less pronounced and the mica 
schists contain well preserved graywacke and some 
polymictic conglomerate beds and a few mafic 
volcanics representing pyroclastic beds and con- 
cordant dikes. 

Mineralization is disseminated and invariably 
hosted by altered mica schists, mafic volcanics and 
porphyry dikes. Gold occurs with Bi, Au and Ag 
tellurides, and disseminated pyrrhotite, pyrite, and 
minor arsenopyrite, chalcopyrite, pentlandite, ga- 
lena, rutile, ilmenite and occasional molybdenite 
(Kojonen et al., 1993, this volume). Thin quartz- 
tourmaline veins and quartz-siderite veins hosted by 
the porphyry dikes are comrnon. Weakly deformed 
barren glassy quartz veins are observed to cut miner- 
alized horizons and bedding-parallel sulfide-bearing 
veins, thus indicating that deformation outlasted 
mineralization. 

The Elinsuo mineralization is analogous to that at 
Muurinsuo, although Fe sulfide dissemination and 
tounnalinization are somewhat more distinct. Elinsuo 
is situated about 1 km southwest of Muurinsuo and 
the two prospects evidently comprise parts of the 
same mineralization system. Gold is present both in 
sheared and altered porphyry dikes and tourmaline- 
quartz-sericite-biotite schists, occurring as inclu- 
sions in pyrite and intergrown with Bi, Ag and Au 
tellurides (Kojonen et al., 1993, this volume). Three 
holes drilled in the Elinsuo area indicated mineral- 
ized rock grading 1.1 ppm over 6.3 m and 3.1 ppm 
over 2 m. 

HATTUVAARA ZONE 

This zone is not yet precisely defined nor has it 
been systematically studied, with the exception of 
the Ramepuro prospect, which was drilled and eval- 
uated by Outokumpu Finnmines Ltd. (Pekkarinen, 
1988). Locally intense alteration and deformation is 
characteristic at the margin of the Viluvaara 
Granodiorite between Palosuo and Pyllynvaara (Fig. 
2) and anomalous concentrations of Bi, As and Te are 

encountered in till throughout the zone. Elevated Au 
concentrations have also been found in isolated till 
samples at Kiimahatelo, associated with a porphyry 
dike intruded close to the Ignola Shear Zone about a 
kilometer northwest of the village of Hattuvaara 
(Fig. 2); this may represent the source of highly 
mineralized glacial erratics found within the village 
itself. 

Ramepuro Prospect 

Background to discovery and exploration about 2 km south of the village of Hattuvaara and 8 
km north from Muurinsuo adjacent to the eastern 

The Ramepuro prospect (also referred to in some contact of the schist belt, which is very narrow at this 
early reports as the Hattuvaara prospect) is located point (Fig. 2). The occurrence was discovered and 
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Fig. 9. Geologia1 setting of Muurinsuo and Elinsuo prospects withio the Kuittila Zone (see Flg.3), based on outcrop 
mapping, ground geophysics and drill core inforrnation. 

drilled by Outokumpu Oy, whereas more detailed Consequently, the Geological Survey af Finland has 
geological studies on the evolution of the deposit was not examined the prospect as thoroughly as else- 
carried out jointly with the University of Oulu where. Ramepuro is one of the few gold prospects in 
(Pekkarinen, 1988; Ojala, 1988; Ojala et al., 1990). the Hattu schist belt that is not associated with any 



Geological Survey of Finland, Special Paper 17 
Pekka A. Nurmi. Peter Sarjonen-Ward and Martti Damstén 

distinct till anomaly patterns on geochernical maps 
(at a sampling density of 16 samples/km2). This is 
perhaps surprising since the bedrock surface is now 
known to be mineralized over a distance of about 500 
m. The initial discovery was maderather fortuitously 
on the basis of a chalcopyrite-bearing sample collect- 
ed from a small creekbank outcrop - indeed the only 
natural exposure within a kilometer radius - by an 
amateur prospector in 1970. The sample only as- 
saycd 0.4% Cu but was reanalyzed for gold by 
Outokumpu Oy in 1984, along with other Archean 
samples from eastern Finland, and proved to contain 
over 90 ppm Au. An exploration and drilling pro- 
grarn was initiated in 1985, involving excavation of 
trenches, magnetic, electromagnetic and I.P. meas- 
urements as well as diamond drilling a total of 29 
holes (combined length 4043 m) in three separate 
stages during 1985- 1987 (Pekkarinen, 1988, Fig. 
10). A small exploration pit excavated around the 
discovery outcrop revealed a shear zone some 10 m 
wide at the boundary between a porphyritic tonalite 
dike and metasediments, which contained about 7 
ppm Au. In contrast to mineralization at prospects 
within the Kuittila Zone, the mineralized shear mne 
at Rämepuro generated a distinct IP anomaly, 20-30 
m in width and several hundreds of meters in length. 
This anomaly was subsequently drilled at 50-100 m 
intervals, which revealed that the ore is contained 
within a heterogeneous steeply dipping zone 1.5 to 
10 m wide with a surface intersection that can be 
traced for 500 m (Figs. 10 and 1 1 ). Estimated mineral 
resources down to 50-70 rn depth are about 250,000 
t grading 5 ppm Au (Pekkarinen, 1988). Four holes 
drilled to a depth of 200 m revealed that mineraliza- 
tion persists to deeper levels, although intersections 
were not as encouraging as in the shallower holes. 

Geological setting 

The Rarnepuro prospect lies at the boundary be- 
tween two different lithological sequences, whose 
contact is further marked by the presence of a 
porphyritic tonalite intrusion up to 30 m in thickness 
(Figs. 10 and 11). The sequence to the West of the 
dike consists predominantly of graywackes with 
some conglomeratic and somewhat more mafic 
pyroclastic intercalations (Ojala, 1988; Ojala et al., 
1990). Extrapolation several kilometers along strike 
to the north and southeast, where natural exposures 
are relatively plentiful suggests that thesc sediments 
young westwards and can be traced around the Ignola 
F, Synform, thus correlating with similar lithologies 
in the Tiittalanvaara Formation (Sorjonen-Ward, 
1993a, this volume). Between the Ramepuro tonalite 
dike and the contact with the Viluvaara Granodiorite, 
which here marks the easrern boundary of the schist 
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Fig. 10. Simplified geological map and drilling targets at the RBrnepuro 
prospect. Inforrnation frompekkarinen (1988) and unpublished reports 
made available by L. J. Pekkarinen, Outokumpu Finnmines Oy. 

belt, more homogeneous, fine-grained intermediate 
biotite-plagioclase-quartz schists prevail, although 
some banded iron formation horizons encountered in 
drill core adjacent to the granodiorite. There are 
some indications that the biotite-rich lithologies were 
of intermediate pyroclastic origin (Ojala et al., 1990) 
but their affinities with rocks elsewhere in the schist 
belt are unclear. 

It is possible that the porphyry dike was intruded 
along a structural zone of regional significance that 
may trend obliquely to the margin of the Viluvaara 
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Granodiorite, and then converges southwards with 
the Tsurkkiia-Pampalo Zone, as indicated in Fig. 2. 
Due to the paucity of outcrops in the region south of 
Ramepuro, thisinterpretation is only tentative, and is 
based largely upon structural observatfons indicat- 
ing a change in cleavage-younging relations that 
cannot simply be satisfied by invoking F, folding 
(Sorjonen-Wid, 1993a, this volume). Furthermore, 
this explanation is unable to account for theexistence 
of till geochemical anomalies and gold mineraliza- 
tion established by preliminary drilling at Palosuo, 
adjacent to the contact with the Viluvaam Granodiorite 
about two kilometers to the south of Rämepuro. 

Structural featnres and mineralogy 
Irrespective of the nature and significance of re- 

gional structnres, it is clear that mineralization at 
Ramepuro is hosted by narrow, strongly sheared 
zones within the tonalite dike and adjacent schists 
and thereforepost-dates dike intrusion. Furthermore, 
examination of €he Ramepuro outcrop reoeals that 
quark-toumahe-sulfide veins within the tonalite 
dike are also strained and recrystallized, (Fig. 5i) 
suggesting thataiineralization either toak place dur- 
ing ductile deformation, or was later deformed. Ojala 

(1 988) described garnet porhyroblasts containing 
tourmaline Uiclusions but because it is possible that 
tourrnaiine- has crystallized and recrystallized at vari- 
ous stages, it is difficult to argue that garnet growth 
therefore postciates gold mineralization as well. Gold is 
found within semiconcordant quartz-tomaline veins 
ranging in width from a few centimeters up to severd 
decimeters, butit also occurs as disseminatioas through- 
out altered host rocks now consisting predominantly of 
quartz, sericite, biotite, albite, chlorite and tomaline. 
Native gold is fine-grained, and occurs imrstitially 
between quartz and tourmaline grains and intergrown 
with suifides, c~mmonly in association with metallic 
bismuth and hedleyite (Kojonen et al., 1993, this vol- 
ume). The abnndance of sulfides is somewhat higher 
than is typical far the Kuittila Zone, and gold shows a 
broad spatial cerrelation with chalcopylite and 
sphalerite. Other important sulfide minerals are pyrite 
and pyrrhotite. Although mineralization at Rämepuro 
appears to have been focused within a relatively narrow 
zone, erratic anemalous Au contents have been re- 
corded up to 300 m from the deposit, and a m e  
consistent elevated values occur close to the contact 
with the Viluvaara Granodiorite, withifi a s-ilicate 
facies iron fomation (Pekkarinen, 1988). However, 
gold contents seldomexceed 0.5 ppm in ~ h j s  horizon. 
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PAMPALO ZONE 

The Pampalo Zone comrnences near Pyllynvaara, 
several kilometers north of the village of Hattuvaara 
and continues with a northwesterly trend for about 12 
km, as far as Pihlajavaara, where structures curve 
northwards once more into the Hosko Zone (Fig. 2). 
The Pampalo Zone is 1-2 km wide and is distinctive 
in that ultramafic rocks are exposed over much of its 
length, so that regionally, the zone coincides with 
prominent till geochemical anomalies (at 16 sam- 
ples/km2 scale) in Ni as well as Au and certain 
pathfinder elements (Hartikainen and Nurmi, 1993, 
this volume, Fig. 11). This ultramafic unit contains 
relict autoclastic features suggesting a primary ex- 
trusive origin and a komatiitic composition (O'Brien 
et al., 1993, this volume) and is interpreted as occur- 
ring in the upper part of the predominantly mafic 
Pampalo Formation (Sorjonen-Ward 1993a, this 
volume). This is the uppermost stratigraphical unit 

recognized in the northern part of the Hattu schist 
belt, overlying conglomerates and graywackes of the 
Tiittalanvaara Formation (Fig. 12). Because of its 
mineralization potential, the Pampalo Zone has been 
studied in detail and fortunately a wealth of detailed 
ground geophysical data (magnetic, Slingram and 
induced polarization methods) has been available to 
assist in interpretation. When combined with 
lithological and structural observations from rela- 
tively well-exposed areas this has enabled certain 
marker horizons to be identified and correlated 
throughout the zone. The southern part of the zone is 
better exposed and consequently structural interpre- 
tation has concentrated on this region, even though 
geochemical data indicate that the northern part 
should be equally prospective. So far only two tar- 
gets have been drilled, namely the Ward and 
Korpilampi prospects (Fig. 2). 

Structural features of the Pampalo Zone 

A prominent feature in Fig. 2 is the northwesterly 
trend of the Pampalo Zone in comparison to the 
general northerly trend throughout the remainder of 
the Hattu schist belt. In addition, there is abundant 
evidence from the Hattuvaara and Pampalo Zones 
for a sinistral kinematic sense. Therefore, using ter- 
minology developed for sets of strike-slip faults and 
shear zones by Rodgers (1980) and Woodcock and 
Fischer (1  986), the Pampalo Zone could be regarded 
as occupying a left-stepping releasing bend or offset 
between the north-trending shear zones in the 
Hattuvaara and Hosko Anomaly Zones. In detail 
however, this explanation is not altogether satisfac- 
tory, on at least two counts. Firstly, there is if any- 
thing more evidence for dextral, rather than sinistral 
deformation associated with the Rosvohotu and 
Kivijoki shear zones in the Hosko Zone. Interpreta- 
tions are further complicated by a marked change in 
the plunge of mineral lineations along the Pampalo 
Zone. At the southern end of the zone plunges are 
from 50-70" to the N andNW, which is typical for the 
Hattu schist belt in general. However, towards the 
Korpilampi prospect (Fig. 2), plunges become shal- 
lower and undergo a complete reversal, so that at the 
northern end of thePampalo Zone and in the Hosko 

Zone, lineations and folds plunge southwards. 
The second way in which deformation in the 

Pampalo Zone departs from idealized releasing bend 
geometry is that many features within the zone are 
compressive, rather than extensional. The most sig- 
nificant of these structures is the Juttuhuuhta Duplex 
bounded by the Pampalo and Ignola Shear Zones 
(Fig. 12). This feature is attributed to imbrication of 
the mafic units of the Pampalo Formation by detach- 
ment from the underlying sediments of the 
Tiittalanvaara Formation, during oblique compres- 
sion across the Ignola F2 Synform (Sorjonen-Ward, 
1993a, this volume). However, this alone cannot 
account for all of the lithological relationships ob- 
served between the Ward and Korpilampi prospects, 
where much of the mafic part of the Pampalo Forma- 
tion appears to be absent, with only a small amount 
of basalts between the ultramafic rocks and the 
underlying iron formation and graywackes. This 
may indicate that part of the Pampalo Formation was 
excised during an early extensional faulting event 
prior to formation of the Juttuhuuhta Duplex but 
equally, it could be the result of lateral discontinuities 
in the primary distribution of rock units. 

Ward deposit 

Mineralization Ward deposit partly because the Pampalo Zone is the 
only part of the Hattu schist belt where mafic 

Attention was drawn to the region surrounding the lithologies are relatively abundant, but mostly be- 
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Fig. 12. General geological map of southern part of the Pampalo Zone (after Sorjonen-Ward, 1993b). showing lithological units and major 
structnral features. The Pampalo Shear Zoncrepresents the floor thmst and the Ignola Shear Zone the roof thrust to the Jwhuuhta contractional 
duplex. 
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mapping, ground geophysical data and drill core information. Surfaces projections of lithology and ors over drilled area 
based on computer graphies interpretation made by J. Parkkinen at the Geological Survey of Finland. 

cause its distinctive structural geometry (Fig. 12) alization. In addition, a prominent regional till 
appeared, by analogy with structurally controlled geochemical anomaly was known to coincide ap- 
gold deposits elsewhere, to be favourable for miner- proximately with the zone (Hartikainen and Nurmi, 
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1993, this volume). Further intexest was aromed 
when one of the authors fortuitously found visible 
gold in a small(c2 m2) outcrop w i t h  this struL'hiral 
zone in May 1990. Gold was associated with weak 
pyrite dissemination along narrow mylonitic seams 
in a sheared quartz-glagioclase porphyry dike (Fig. 
5j). Chip samples fram the discovery outcrop con- 
tained 14-35 pprn Au and anomalous values (0.2-0.4 
ppm) were also found over a wider area after removal 
of overburden, which revealed that the northeasterly 
trending dike was some 15 m wide and intmded 
highly deformed talc-chlorite-tremolite schists (Fig. 
13). 

The dike contains numerous tourmaline-bearing, 
silicified mylonitic zones, and weathered sulfide- 
bearing biotite and carbonate-rich zones, which as- 
say 1-5 pprn Au, with disseminated chalcopyrite, 
magnetite, ilmenite, scheelite and rather coarse- 
grained pyrite. Gold grains are relatively abundant in 
the more weathered zones (Huhta, 1993, this vol- 
ume), but there is no direct evidence that this resalts 
from supergene enrichment, nor is it clear that 
saprolitic zones developed around joint planes relate 
to pre-glacial or post-glacial weathering processes. 
Throughout much of the dike, gold contents were 
unexpectedly low, with only sporadic Au values >1 
ppm being encountered in the first two holes drilled, 
whereas an albitite body immediately to the east 
showed more consistent mineralization grading 5.2 
pprn Au over 2 m. If the precursor to this lithology 
was a porphyritic tonalite dike, then it provides the 
first substantial evidence of pervasive albitization 
having accompanied hydrothermal alteration; in gen- 
eral ~ o u g h o u t  the schist belt major element mobil- 
ity is largely expressed by redistribntion associa~ed 
with reiatively weak Na depletion and K enrichment 
(Bornhorst and Rasiiainen, 1993, this volume). Cal- 
cite is also more abandant than at most other pros- 
pects in the Hattu schist belt and tourmaline, biotiie, 
sericite, epidote and microcline are also common 
gangue minerals. The talc-chlorite-tremcllite-carbon- 
ate schists to the east of the dike are essentially 
barren- 

The western margin of the dike coincides with a 
topographic depression masked by till and a small 
lake. Previous geochemical sampling profiles had 
stopped a short distance to the west of the discovery 
outcrop, but analysis had shown them to contain 
some anornalous Aa abundances. Therefore, in order 
to check the Au potential of this area, a three hole 
explaratory profile was drilled in_ 1990. The first and 
third holes were barren, but the raiddle hole of the 
profile intersected two ore horizons grading 17 pprn 
over 7 m and 3.3 pprn over 12.6 m. Subsequent 
drilling has been carried out in several stages, with a 
total of 77 holes having a combined length of 10840 
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Fig. 14. Schematic NW-SE vertical section through the Ward deposit, 
based on computer graphical analysis of drill holedata by J. Parkkisen, 
Geological Survey of Finland. 

m. Confident estimates of reserves have not yet been 
made but one, or possibly several composite tabular 
ore horizon, 3 to 20 m wide and over 400 m long has 
been delineated (Figs, 13 and 14). The main ore zone 
consists of a number of high-grade (>10 pprn Au) 
elongate or lenticular lodes plunging 40-50" to the 
north-northeast (Fig. 5k) and good intasections con- 
tinue down to at least 150 m. In addition to this main 
zone, drilling has also revealed a number of smaller 
parallel lodes, generally hosted by porphyry dikes. 

The main zone is b s t e d  by a strongly deformed 
felsic schist (Fig. 51) between hydrothermally altered 
mafic schist in the west and ultramafic schist in the 
east. Origin of the host rock cannot be unequivocally 
established because of strong deformation and alter- 
ation, but it may have been a coarse intermediate 
pyroclastic or epiclastic deposit. Alteration is mani- 
fested by hydrothermal quartz, biotite, sericite, R 
feldspar, calcite, tourmaline and epidote with occa- 
sional strong albitization as well as thin quartz- 
carbonate veins, which have also been deformed. 
The ore is disseminated and sulfides consist princi- 
pally of pyrite, chalcopyrite, pyrrhotite, galena and 
sphalerite (Kojonen et al., 1993, this volume). 
Scheelite is locally abundant. Gold occurs both on 
the surfaces and as inclusions in pyrite, as free grains 
between silicate minerals typically intergrown with 
Pb, Bi, Fe, Ag and Au tellurides, and in K-feldspar. 

Structural control and timing of mmeralization 

The nature of stmctural control and timing of 
introduction of gold at the Ward prospect is not yet 
adeqnately understood. Visible gold occurs within 
narrow anastomozing mylonitic seams that show 
evidence for both brittle andductile behaviour. Biotite 
and in some cases actinolite has recrystallized within 
these seams but, in contrast with the Kuittila Zone, 
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there is less evidence of dynamic recrystallization 
and porphyroblast growth after mineralization. More- 
over, it is not clear whether the gold associated with 
these seams indicates the remobilization of existing 
rnineralization, or actually represents the main stage 
of mineralization. As shown in Fig. 12, the Ward 
prospect is located at the toe of the Juttuhuuhta 
Duplex, where it appears to have been backfolded 
due to strain incompatibility at the putative termina- 
tion of the Kelokorpi Shear Zone (Sorjonen-Ward, 
1993a, this volume). If this was the case, it is by no 
means clear whether the gold mineralization was 
deformed together with the shear zone, or was intro- 
duced in an axial plane orientation during this later 
folding. Resolution of this problem is the subject of 
ongoing study and is of general significance, not 
only in determining the origin of the deposit, but also 
in developing structurally oriented exploration strat- 
egies. 

Regional context 

The area surrounding the prospect is lithologically 
diverse and drilling has generally substantiated 
stratigraphical relationships inferred from better ex- 
posed areas several kilometers to the south. The floor 
thrust to the Juttuhuuhta Duplex, referred to as the 
Pampalo Shear Zone in Fig. 12, is taken to coincide 
with thin iron formations intercalated with graywackes 
at the top of the Tiittalanvaara Formation and mark- 
ing the base of the Pampalo Formation (Fig. 12). The 
internal lithological subdivisions recognized within 
this latter formation include rnassive basalts and 
dolerites, now consisting of hornblende-plagioclase- 
zoisite; in the inferred upper part, some coarser 

gabbroic lithologies are also present. A distinctive 
and evidently persistent mafic to intermediate clastic 
unit is present within this mafic succession and it is 
partly on the basis of its distribution, along with the 
distinct geophysical characteristics of enclosing 
lithologies, that the duplex geometry has been de- 
duced. In a number of places a coarse clastic origin is 
evident, with rounded to angular mafic to intermedi- 
ate clasts commonly 10-30 cm in diameter. If the 
structural interpretation is valid, then this unit also 
corresponds to the main ore horizon of the Ward 
deposit, where however its primary nature is more 
obscure. This is partly due to intensity of deforma- 
tion, but also to the difficulty of identifying clast- 
matrix boundaries in drill core. It is unlikely that the 
unit represents a highly deformed tonalitic porphyry 
dike, even though the two lithologies might be super- 
ficially similar where intensely mylonitized. Irre- 
spective of its origin, it is compositionally distin- 
guishable from adjacent mafic and ultramafic units. 
As mentioned earlier, early faulting that cut down or 
across stratigraphy may have brought this mineral- 
izedunit into direct contact with ultramafic lithologies 
at the Ward deposit, instead of occurring between 
mafic units as is the case further south (Fig. 12). The 
alternative explanation, involving lateral facies var- 
iations cannot however be excluded. The supracrustal 
rocks have been intruded by porphyritic tonalite 
dikes that may be related to the Korpivaara Tonalite 
pluton immediately to the northeast of the Pampalo 
Zone. Although they appear to be concordant and 
intensely deformed, along with their host rocks, it is 
possible that some northeast-trending dikes occupy 
the axial plane to the backfold structure which de- 
forms the region around the prospect (Figs. 12 and 13). 

Korpilampi prospect 

The Korpilampi showing was a rather obvious 
target in being the only cutting on the main Ilomantsi- 
Lieksa road for a stretch of several kilometers and 
moreover, it was rather rusty and tourmalinized. The 
outcrop is composed of complexely folded biotite- 
chlorite schists and pegmatite dikes (Fig. 5h) and is 
very close to the western margin of the Korpivaara 
Tonalite (Fig. 2). Unusually shallow fold plunges are 
also evident, and this region evidently represents a 
transition between the northerly plunges which pre- 
dominate throughout the schist belt as a whole, and 
the southerly plunges characteristic of the Hosko 
Zone. Talc-chlorite schist is present at the southern 
end of the exposure, so that the overall lithological 
association is reminiscent of that surrounding the 
Ward deposit. 

Tourmaline alteration is ubiquitous in both in the 
schists and the pegmatite dikes, along with a weak 
Fe-sulfide dissemination and some arsenopyrite. Sarn- 
ples from the outcrop revealed Au contents between 
0.3-4.9 ppm particularly at the highly tourmalinized 
contacts of the pegmatites. Drilling indicated that the 
thickest pegmatite intrusion occurs as a heterogene- 
ous, tabular body up to 11 m thick within the 
tourmalinized biotite-chlorite schist. Gold is was 
generally anomalous throughout the drill core, but 
values are erratic and lower than at the surface, the 
best 1 m interval assaying only 1.4 ppm. Although 
these results were discouraging, promising till 
geochemical anomalies occur on both sides of the 
outcrop, indicating that the showing form part of an 
extensive mineralized zone. Gold at Korpilampi is 
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mainly intergrown with bismuth minerals (Kojonen pyrite, pyrrhotite, marcasite, sphalerite, chalcopyrite 
et al., 1993, this volume). Other ore minerals include and arsenopyrite. 

HOSKO ZONE 

This zone is well-defined structurally but has not 
so far received much attention. Detailed till 
geochemical data are nevertheless available 
(Hartikainen and Nurmi, 1993, this volume) and gold 
mineralization has recently been located at Valkeasuo 
mg. 2) as a result of drilling one of the anomalies. 
The zone is arcuate in shape and is sharply bounded 
on the West by the Rosvohotu Shear Zone which 
obliquely transects the Pihlajavaara Anticline before 
trending northwards and eventually northeastwards 
near the Russian border (Fig. 2). The zone can be 
followed for more than a kilometer in the vicinity of 
Pihlajavaara by the juxtaposition of intensely 
sericitized felsic pyroclastic and sedimentary rocks 
against unaltered thin-bedded sediments. These rocks 
and in general, the area between the Rosvohotu and 
Kivipuro shear zones are characterized by both south- 

erly lineations, which have not been encountered 
elsewhere in the schist belt, and very extensive sericitic 
alteration; in some places sericite is so abundant that 
it warrants further investigation as a potential com- 
mercial source of filler materia1 or potassium. Al- 
though some alteration may be related to 
syndepositional processes, parts of the KartitsaGran- 
ite have been dynamically recrystallized to quartz- 
muscovite-microcline assemblages, implying that 
alteration is largely syndeformational (Sorjonen- 
Ward, 1993a, this volume). Primary depositional 
units and clastic features are cornmonly preserved, in 
spite of alteration, so that it has been possible to 
define several major structural features, including 
doubly plunging domal antiforms that may be prom- 
ising exploration targets. 

EXPLORATIONAL AND ECONOMIC ASPECTS 

Interest in exploration in the Hattu schist belt was 
largely stimulated by the results of regional till 
geochemical mapping. As often happens in explora- 
tion, follow-up studies of W and Mo anomalies in till 
led not only to the discovery of molybdenite- and 
scheelite-bearing quartz vein systems, but also the 
Kuittila Au occurrence from the same area. Since 
then, systematic till geochemical sampling along a 
250 m x 250 m grid from the bottom of the till cover 
has been gradually expanded (6400 samples) to cov- 
er an area of 400 km2 from the Hattu schist belt (see, 
Hartikainen and Nurmi, 1993, this volume). Till 
geochemical Au anomalies are associated with more 
or less distinct Te, Bi, As, B, Ag, Cu, Mo, W, LOI and 
low Na anomalies, which define a discontinuous >40 
km long potential zone along the Hattu schist belt and 
more continuously anomalous Kuittila and Parnpalo 
zones, attaining >10 km lengths. Detailed sampling 
has been done every 10 m along traverses 100 to 300 
m apart, mainly across these zones (>7000 sampling 
sites), whereas drilling has this far been concentrated 
in the Kuittila Zone. Geochemical anomalies have at 
all targets drilled proved out to reflect gold mineral- 
ization in bedrock, and all prospects with economi- 
cally interesting drill intersections in the Kuittila 
Zone (Kelokorpi, Korvilansuo, Kivisuo, Elinsuo and 

Muurinsuo) have been discovered on the basis of 
geochemistry (Table 1). Drilling of the numerous 
anomalies in the Pampalo Zone is just beginning and 
the two existing prospects (Ward and Korpilampi) 
were found in the course of detailed study of outcrops 
in the anomaly zone, whereas the Rämepuro deposit 
was found directly from a mineralized outcrop be- 
fore geochemical sampling. 

Exploration has included also systematic magnet- 
ic, Slingram and IP ground measurements across the 
potential areas, but because poor correlation between 
Au content and abundance of sulfides and degree of 
alteration, geophysics does not give direct anomalies 
related to ore zones, except for Ramepuro, which is 
located within a distinct IP anomaly (Table 1). Nev- 
ertheless, geophysics has given important informa- 
tion on lithology and structure of the bedrock. Al- 
though the overburden is on average only 5 m thick, 
possibilities of striping are limited by extensive marsh 
areas. 

Up to March 1993, 191 holes totalling 25.6 km 
have been drilled of which the majority have been 
targeted at the Ward and Ramepuro deposits (Table 
1). Provisional estimates indicate reserves of 250,000 
t of ore grading 5 ppm Au at Ramepuro (Pekkarinen, 
1988) and several hundreds of thousands of tonnes 



Table 1. Exploration history, methods and best ore-grade tenors for gold prospects in the Hattu schist belt, Ilomantsi. 

Prospect Disco- Impetus for Indications leading to discovery Geophysical sig- Best drill inter- Arnount 
very year exploration/regional natures of ore sections drilled' 

indications zone 

Kuittila 1985 First target, indicated by Au in pits escavated for W and Magnetic - 4.5 ppm, 4.0 rn 18 holes 
W and Mo anomalies Mo, and anomalies in detailed till Slingram - 3.7 ppm, 4.0 m 2446 m 
and scheelite grains in sampling IP - 19.4 ppm, 1.0 m 
till 

Kelokorpi 

Korviiansuo 

Kivisuo 

Elinsuo 

Muurinsuo 

Ward 

1987 Au, Te, Bi, As and B Au anomalies in detailcd till sam- Magnetic 
anomalies in till, Kuit- pling Slingram 
tila anomaly zone IP 

1987 Au, As, B, Te and Bi Au anomalies in detailed till 
anomalies and Au sampling 
grains in till, Kuittila 
anomaly zone 

1989 Au, As, B and Te Au anomalies in detailed till 
anornalies in till, Kuit- sampling 
tila anomaly zone 

1989 Kuittila zone 

- 4.9 ppm, 2.0 m 1 hole 
- 3.5 ppm, 4.0 m 150 m 
- 5.1ppm.l.Om 

Magnetic - 4.8 ppm, 2.0 m 14 holes 
Slingram - 2.7 ppm, 5.5 m 2083 m 
IP - 15.2 ppm, 0.5 m 

Magnetic 
Slingram 
IP 

- 4.0 ppm, 4.9 m 13 holes 
- 9.5 ppm, 2.0 m 1763 m 
- 4.4 ppm, 2.0 m 

Au anomalies in detailed till sam- Magnetic - 3.0 ppm, 2.0 m 3 holes 
pling Slingram - 1.1 ppm, 6.3 m 396 m 

IP 

1987 Au, Te, As and B in tili, Au anomalies in detailed till sam- Magnetic - 4.9 ppm, 5.0 m 21 holes 
Kuittila zone pling Slingram - 9.7 ppm. 1.0 m 2048 m 

IP - 2.6 ppm, 5.0 m 

1985 Reanalysis of old Cu- Au rnineralization in pit 
bearing sample 

1990 Au, Te and Bi in till, 
Parnpalo zone 

Magnetic 
Sliqgram 
IP 

Visible gold in outcrop in struc- Magnetic 
turally favourable area Slingram 

IP 

- 8.8 ppm, 10.3 rn 29 holes 
- 12.9 ppm, 2.4 m 4043 m 
+ 4.3 ppm, 3.0 m 

- 47.6 ppm, 8.0 m 77 holes 
- 21.5 ppm, 7.1 m 10,805 m 
- 17.8 ppm, 6.8 m 

Korpilampi 1988 Road cutting showing Au rnineralization in outcrop Magnetic - 1.1 ppm, 2.4 rn 2 holes 
strong alteiation, Pam- Slingram - 1.3 ppm, 1.0 m 169 m 
palo zone IP 

'Situation in March, 1993. Drilling at other targets: 13 holes, 1751 m. 
'Exploration by Outokumpu Finnmines Ltd (Pekkarinen, 1988, and pers. cornmun., 1992). 
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grading 8 ppm Au at the Ward deposit. None of the 
other prospects have been drilled in sufficient detail 
as to allow any reliable mineral resource estimates to 
be made, but all the 12 targets drilled so far (not all 
shown in Table 1) proved to contain gold mineraliza- 
tion with economically interesting assays over sever- 
al meters. 

Future exploration should be aimed at checking 

remaining undrilled geochernical anomalies and more 
detailed drilling at and near to the known targets, 
particularly in structurally favourable locations. De- 
tailed geochemistry on till and drill-core samples 
comprising Au and Te, and possibly other pathfind- 
ers should be used in guiding the drilling programs 
(see, Hartikainen and Nurmi, 1993, this volume; 
Rasilainen et al., 1993, this volume). 

SYNTHESIS 

Given the number of prospects recognized through- ration within the remainder of the belt, or even 
out the Hattu schist belt, it is natural to consider elsewhere within the Karelian Craton. The following 
whether they share the same broad geological char- discussion will therefore compare and contrast the 
acteristics, and whether they are all genetically relat- occurrences described above, although a detailed 
ed to each other and represent a distinct phase of consideration of genetic models is presented else- 
crustal evolution. If so, it may be of value in explo- where (Nurmi, 1993, this volume). 

Structural controls and evidence for the timing 
of gold mineralization 

Considerable emphasis is currently being given to 
the structural setting and history of gold deposits in 
general and Archean mesothermal deposits in partic- 
ular (see Groves and Phillips, 1987; Colvine et al., 
1988; Hodgson, 1989; Kerrich, 1989a,b). This is 
partly due to the recognition that large volumes of 
fluid are involved in mineralization processes (Boulter 
et al., 1987; Kerrich, 1989a, Kerrich andFyfe, 1988), 
and that certain types of structures may be signifi- 
cant, both in enhancing rock permeability and in 
providing favourable sites for ore deposition (Cox et 
al., 1987; Sibson et al., 1988). This argument re- 
ceives indirect confirmation from studies of fluid 
compositions within gold deposits and of gangue 
mineral assemblages which indicate that rnineraliz- 
ing fluids are generally not in equilibrium with their 
surroundings and are thus of exotic, rather than local 
origin (Groves and Phillips, 1987; Perring et al., 
1987; Kerrich and Fyfe, 1988; Kerrich, 1989b; Ho et 
al., 1992). This therefore requires that structures do 
not merely enhance and focus fluid flow on a local 
scale, but that they form an effective network which 
may be of regional dimensions. 

As well as assisting in interpreting regional geo- 
logical relationships, structural analysis can provide 
information concerning the relative timing of defor- 
mation, metamorphism and mineralization, hence 
enabling some constraints to be placed on physical 
conditions and processes of ore formation. Crustal 
depths and the role of fluids may also be inferred 
from variations in deformation style and mecha- 

nisms. In addition, regional scale structural studies 
are of value in an explorational sense, in delineating 
prospective zones of potential mineralization. Ac- 
cordingly, structural analysis of the Hattu schist belt 
has been airned at assessing the relative timing of 
deformation, metamorphism and mineralization, as 
well as in trying to identify structural features that 
may have been critical for fluid flow and mineraliza- 
tion. 

Fundamental questions include whether or not the 
various prospects recognized in the Hattu schist belt 
are products of a single large scale mineralization 
event and whether major structural zones that might 
have focused mineralization can be recognized. At 
present there are no geological or isotopic criteria 
that might indicate the existence of several distinct 
episodes of mineralization in the Hattu schist belt. In 
fact the only absolute time constraints on mineraliza- 
tion are that gold in the Kuittila Zone must post-date 
the intrusion and solidification of the KuittilaTonalite, 
but predate the thermal metamorphic peak recorded 
by widespread dynamic recrystallization and 
porphyroblast growth; U-Pb zircon data indicate that 
the age of the Kuittila Tonalite is 27461-7 Ma, while 
a minimum age for metamorphism is provided by 
concordantu-Pb titanite and monazite ages of around 
2700 Ma (Vaasjoki et al., 1993, this volume). 

Attempts to date mineralization directly using 
rutile and baddeleyite have so far been unsuccessful 
and no hydrothermal zircon has yet been found. If 
deformation were progressive and to some extent 
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diachronous (Sorjonen-Ward, 1993a), then it be- 
comes difficult, if not meaningless to attempt to 
establish an absolute sequence of mineralization 
events by correlation of overprinting structures 
throughout the entire schist belt. Nevertheless, be- 
cause the U-Pb ages of the Tasanvaara and Kuittila 
Tonalites are practically coincident and both plutons 
are closely associated with regional deformation, it is 
reasonable to conclude that mineralization in the 

Pampalo Zone postdates the intrusion of the 
Tasanvaara Tonalite. Furthermore, if it is valid to 
extrapolate the Kelokorpi Shear Zone northwards 
from the Kuittila Zone to link up with the high-strain 
zone trending parallel to the eastern margin of the 
Tasanvaara Tonalite (Fig. 2), then deformation of the 
Juttuhuuhta Duplex, and by implication, the Ward 
prospect (Fig. 12), must have been approximately 
coeval with that in the Kuittila Zone. 

1s there evidence for the timing of mineralization with respect 
to metamorphism and deformation? 

Over the past decade, a widespread consensus has 
been reached concerning the conditions and timing 
of gold mineralization. This has been based particu- 
larly on studies in the Abitibi and Norseman-Wiluna 
Belts, where the most important ore deposits appear 
to have formed under greenschist facies conditions 
and post-date the peak of regional metamorphism 
(Groves and Phillips, 1987; Colvine et al., 1988; 
Kerrich, 1989a). More recently, there has been some 
dissension from this view, and it has been argued that 
wall-rock alteration and gold mineralization can be 
in textural and thermodynamic equilibrium with 
amphibolite and even granulite facies metamorphic 
assemblages (Mueller and Groves, 199 1 ; Witt, 199 1). 
In addition, theoretical analyses of thermotectonic 
evolution during orogenesis have shown that the 
relative timing between magmatism, metamorphism 
and mineralization at different crustal levels may be 
quite variable (Stuwe et al., 1993). 

The Hattu schist belt presents an obvious dilemma 
in this regard since in general, sulfide mineral 
parageneses appear to correspond to temperatures 
lower than those inferred and calculated from silicate 
mineral porphyroblasts (Kojonen et al., 1993, this 
volume). However, rather than invoke unusually 
high-temperature precipitation of gold, 
microstructural evidence favours continued defor- 
mation, recrystallization and metamorphism after 
mineralization. If this is correct, then the Hattu schist 
belt is rather atypical; very few examples of meta- 
morphosed mesothermal gold deposits have been 
published and of these the Big Bell deposit in the 
Murchison Province of Western Australia (Phillips 
and de Nooy, 1988) has recently been reinterpreted 
as a post-metamorphic deposit (Wilkins, 1993). Un- 
fortunately, no inclusions of gold have yet been 
found within garnet porphyroblasts in the Hattu 
schist belt. However, metallic bismuth which on the 
basis of rock geochemical studies (Bornhorst and 

Rasilainen, 1993, this volume; Rasilainen et al., 
1993, this volume), appears generally to be closely 
associated with gold, has been recorded from garnet 
at the Kelokorpi prospect (Kojonen et al., 1993, this 
volume). Even if inclusions were found, it would not 
necessarily mean that they predate porphyroblast 
growth, if for instance it could be demonstrated that 
inclusions occur along discrete planes that result 
from episodic fracturing and healing of late-stage 
micro-cracks. Wilkins (1993) has indeed appealed 
specifically to this process at Big Bell mine, in order 
to explain the presence of gold within porphyroblasts 
that Phillips and de Nooy (1988) had previously 
interpreted as demonstrating that gold was intro- 
duced prior to the metamorphic peak. In spite of the 
similarities in alteration assemblages, including wide- 
spread replacement by sericite (Wilkins, 1993), the 
Hattu schist belt nevertheless contrasts with Big Bell 
in having widespread evidence for deformation and 
dynamic recrystallization of altered lithologies (Fig. 
5).  

Perhaps the most reasonable way to resolve this 
apparent discrepancy in the Hattu schist belt is to 
interpret mineralization as having formed under 
greenschist facies conditions, consistent with sulfide 
mineral parageneses (Kojonen et al., 1993), followed 
by a subsequent metamorphic overprint. Thus it is 
not necessary to invoke deposition of gold at temper- 
atures beyond the normal range at which sulfidation- 
dominated reactions are believed to take place 
(Mueller and Groves, 1991), nor to appeal to a later 
deformational event for which there is at present, no 
compelling evidence. The question as to whether the 
metamorphic recrystallization in the Hattu schist belt 
was due to a separate event, or prolonged progressive 
prograde metamorphism buffered by variations in 
fluid flow remains unresolved and requires further 
isotopic studies. 
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Are there distinctive structural controls on mineralization 
at the prospect scale? 

Most structurally controlled mesothermal depos- 
its occur either in subsidiary splays to large scale 
shear zones (Eisenlohr, 1987; Colvine et al., 1988), 
or within vein networks that usually show a regular 
geometric relationship with regional folding (Cox et 
al., 1987), commonly occurring in domal culmina- 
tions (Mawer, 1987), or in association with granitoids 
(Goellnicht et al., 1991). The overall geometry of 
regional folds and granitoids in the Hattu schist belt 
is reasonably well established but because of gener- 
ally poor exposure major shear zones are not so 
precisely defined; in many cases their positions have 
been inferred from oblique tmncations of geophysi- 
cal anomalies or from incompatibilities in extrapo- 
lating structural trends from areas with good outcrop 
control. In the Kuittila Zone, the generally diffuse 
nature of mineralization and the presence of wide 
zones of highly strained rocks are additional factors 
making it difficult to identify any key structures. The 
Korvilansuo, Kauravaara and Kelokorpi shear zones 
and the Muurinsuo F2 Antiform (Fig. 3) may be 
potentially important features, although the relation- 
ship between folding and shear zones and the sense 
of displacement along postulated shear zones is not 
yet adequately understood. Overall structural geom- 
etry is analogous to that of gold deposits in Paleozoic 
turbidite-slate provinces (Cox et al., 1987, 1991; 
Gray and Willman, 1991), except that the Hattu 
schist belt evidently represents deeper crustal levels, 
with higher metamorphic grade, more extensive al- 
teration and more ductile deformation processes. It is 
interesting to speculate whether a continuum exists 
between these deposits, such that mineralization proc- 
esses in the upper crust, where late tectonic discord- 
ant plutons are characteristic, coincides with peak 
metamorphism in the lower crust, which overprints 
earlier formed deposits. For this to be acceptable 
however, it would require that higher grade meta- 
morphism did not cause remobilization and dispersal 
of gold, and would also have implications for the 
amount of fluid flow from the lower to upper crust. 

In recent years considerable emphasis has been 
placed on the importance of transpressive and strike- 
slip deformation within Archean gold-bearing prov- 
inces in both Canada (Colvine et al., 1988) and 
Western Australia (Boulter et al., 1987, Mueller et 
al., 1988). Superficially it seems reasonable to inter- 
pret the structural context of mineralization in the 
Hattu schist belt in this way. Thus, the evidence for 
sinistral displacement within the Pampalo shear sys- 

tem can readily be correlated with a dilational jog 
using the terminology of Sibson (1987), or as a 
releasing bend in a strike-slip system (Woodcock & 
Fischer, 1986). This may indeed satisfactorily de- 
scribe the initial stages of deformation in the zone, 
but as discussed earlier, the contractional rather than 
extensional geometry of the Juttuhuuhta Duplex, and 
the tightness of the Ignola F2 Synform argue for a 
more complex history. Moreover, it has still not been 
established whether gold was introduced during the 
formation of the duplex structure, or during subse- 
quent back rotation and deformation of the footwall 
thrust; this has obvious implications for exploration 
in the vicinity. 

Similarly, it may be possible to interpret the shape 
of the Kuittila Tonalite and the highly strained coun- 
try rocks along its western margin in terms of 
syntectonic magma intrusion within a dilational re- 
leasing bend in a dextral strike-slip system. This 
would accordingly require that the discrete high- 
strain zones depicted in Fig. 3 deform and obliquely 
truncate early formed fold traces. This makes it very 
difficult to ascertain whether gold-bearing structures 
were originally related to the folding, rather than 
formed during the shearing, although the presence of 
mineralization within the Kuittila Tonalite itself 
would favour the latter alternative. A serious objec- 
tion to the strike-slip model may be raised because of 
the generally steep lineations throughout the Kuittila 
Zone, although it is possible to argue that this is a 
result of vertical extensional strains superimposed 
on early strike-slip structures. However, if gold were 
introduced during this later stage of deformation, a 
different approach to exploration would be required. 
More specifically, the geometry of the reverse faults 
and associated vein systems tmncating anticlinal 
fold hinges in the Bendigo district of south-east 
Australia (Cox et al., 1987, 1991) may provide an 
apposite analog. Given the empirical spatial associ- 
ation between porphyritic dikes and anomalous gold 
concentrations, it is also important to establish whether 
or not they show a distinct structural control, such as 
within axial plane orientations, or along planes of 
high shear strain. In conclusion therefore, caution 
should be exercised in interpreting the kinematic 
evolution and significance of regional structural fea- 
tures, both in assessing the origin and setting of 
known deposits, and in developing exploration strat- 
egies. 
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The gold prospects in the Hattu schist belt are 
hosted by a variety of lithologies and are evidently 
not restricted to any stratigraphical horizon or specif- 
ic rock type (Table 2). Thus, there does not appear to 
be any primary lithological control on mineraliza- 
tion. However, an indirect lithological influence may 
be recognized where, for instance, the mechanical 
properties of a particular unit cause preferential brit- 
tle failure or othenvise enhance permeability. This 
may explain the presence of porphyritic dikes and 
tonalites adjacent to all of the prospects so far exam- 
ined, even though they are volumetrically only a 
minor component of the schist belt (see Bornhorst et 
al., 1993, this volume, Fig. 12). An alternative inter- 
pretation of this spatial association is that certain 
structures have preferentially controlled the emplace- 
ment of tonalitic magma and subsequently acted as 
the locus for mineralizing fluids. This correlation is 
evidently related to the difference of competence 
between felsic dikes and supracrustals, making the 
intrusives favourable for focused fluid flow. Apart 
from the Hattu schist belt, the importance of felsic 
dikes and stocks is evident also in the Abitibi belt, 
where these conspicuously often host gold deposits 
(Colvine et al., 1988; Hodgson and Troop, 1988) 
even though direct genetic relationships have been 
challenged (Kerrich 1989b, Perring et al., 1991; 
Witt, 1992). 

A quantitative classification of the rock types of 
Au anomalous samples, which are mostly from the 

Kuittila Zone and not necessary represent the whole 
schist belt as well, indicate that about 60% are orig- 
inally rnica schists, about 30% felsic dikes and stocks 
and the rest mafic volcanics (Bornhorst et al., 1993, 
this volume, Fig. 12). Compared to general figures 
from major gold producing regions in other shield 
areas, clastic sediments predominate in the Hattu 
schist belt, while mafic rocks usually govern the host 
rocks in the other areas. This may be a natural 
consequence of the overall abundance of the 
lithologies in various greenstone belts, and, in gener- 
al, Au can be hosted by any of the greenstone belt 
lithologies, but seldom by large granitoid batholiths. 
However, Fe rich mafic rocks favour Au precipita- 
tion by sulfidation and, for example, in Western 
Australia particularly most of the larger deposits are 
hosted by such rocks (see, Groves and Phillips, 
1987). The tendency of BIF to host gold deposits is 
evident when compared to its abundance in the 
greenstone belts, also presumably a consequence of 
the high Fe content. In the Hattu schist belt, no 
mineralized BIF has been encountered, although BIF 
occurs at several stratigraphic positions and locally 
also adjacent to mineralized zones; mafic rocks sel- 
dom host gold occurrences. This suggests that 
sulfidation of Fe rich lithologies was not a major Au 
precipitating mechanism in the Hattu schist belt. 
This conlusion is compatible with the low S content 
of the occurrences. 

Ore type 

Mesothermal gold mineralization is generally char- 
acterized by heterogeneous Au distribution in tabu- 
lar, lensoid or cylindrical ore lodes composed of 
veins, veinlets, breccias andlor disseminations 
(Colvine et al., 1988; Groves et al., 1989). Statistical 
data from the Abitibi belt demonstrate that 70% of 
the deposits are vein-style, comprising single veins 
(3 1 %), parallel veinlets (3 1 %) and stockworks (8%), 
while disseminations (17%) and breccias (5%) are 
less common (Hodgson and Troop, 1988). In con- 
trast, most mineralization in the Hattu schist belt 
occurs as dissemination within shears (Table 2). 
Mineralized stockworks and breccias have not been 
encountered, and single, broader veins occur only in 
a few places within competent tonalite stocks, as at 
Kuittila. Replacement-style veins are in general more 
common than sharply cross-cutting, distinct veins. 
Laminar quartz-(tourmaline) veinlets attaining widths 
from a few to some tens of centimetres are commonly 
associated with disseminations at some localities, for 

example at Ramepuro and Korvilansuo. In such 
cases, the narrow quartz-tourmaline veinlets may be 
higher grade than the surrounding disseminated min- 
eralization. Except for the Ward deposit, none of the 
prospects have been drilled in enough detail to allow 
definitive interpretations of the shape of mineralized 
bodies, although they all tend to be steeply dipping 
and more or less tabular. However, the Ward deposit 
may consist of a several high-grade pipe-like bodies 
aligned within an almost vertical lower grade envel- 
oping surface. 

It is evident that the style of hydrothermal miner- 
alization is largely controlled by the tectonic style 
and competence of the host rocks which influences 
rock permeability. Most deposits in the Abitibi belt 
contain ore in shear or tension veins, or the deposits 
contain mainly extension, breccia and fracture filling 
veins, and are products of brittle deformation, al- 
though replacement veins in ductile shear zones are 
also known (Colvine et al., 1988). Compared to the 
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Table 2. Geological characteristics of gold occurrences in the Late Archean Hattu schist belt, Ilomantsi, eastern Finland. 

Prospect Lithological setting Lode setting and type Structural geometry 

Kuittila Tonalite near mica schist contact Quartz(2carbonate) veins & NW trending 
and with abundant schist inclusions dissemination in narrow bnttle to steeply dipping 

ductile shear zones hosted by tonalite, lodes 
older Mo-W quartz veins 

Kelokorpi Tuffitic intermediate schists intrudea 
by felsic porphyry dikes and tonalite 

Dissemination and quartz veinlets in 
broad ductile shear zone hosted by 
schists and tonalite 

N-NE trending 
steeply dipping 
lodes 

Korvilansuo Mica schists intruded by felsic 
porphyry and gabbroic dikes and 
tonalite 

High-grade tourmaline-quartz veins 
and dissemination in schists in broad 
ductile shear zone 

N-NE trending 
steeply dipping 
lodes 

Kivisuo Mica schists interbedded wiih mafic 
tuffites and intruded by felsic porphyry 
dikes 

Dissemination in tuffites and mica 
schists, tourmaline(&arsenopyrite) 
quartz veins in broad ductile shear 
zone 

N-NE trending 
steeply dipping 
lodes 

clinsuo Mica schists intruded by felsic 
porphyry dikes 

Dissemination in schists, porphyry 
dikes and tourmaline quartz rock in 
broad ductile shear zone 

N-NE trending 
steeply dipping 
lodes 

Muurinsuo Mica schists intetbedded with mafic 
tuffitesldikes and intruded by felsic 
porphyry dikes 

Dissemination in schists, tuffites and 
porphyry dikes in broad ductile shear 
zone 

N-NE trending 
steeply dipping 
lodes 

Ramepuro Felsic porphyry dike at contact of 
intermediate tuffite and 
conglomeratelgraywacke unit 

Tourmaline-quartz veins and 
dissemination mainly in porphyry dike 
in narrow ductile to brittle shear zone 

N trending steeply 
dipping lodes 

Ward NE trending steeply 
dipping lenses 

Ultramafic, mafic and felsic volcanics 
and BIF intruded by felsic porphyry 
bodies 

Dissemination in felsic bodies hosted 
by narrow ductile to brittle shear zone 

Dissemination at contact of pegmatite 
dikes in ductile shear zone 

Gently dipping 
folded dikes 

Korpilampi Ultramafic and mtermediate schists 
intruded by pegmatite dikes 

general deposit style in the Abitibi belt, the occur- this volume) suggesting a pressure around 3 kb, 
rences in the Hattu schist belt very likely formed at a while Archeangolddeposits in the Abitibi and Norse- 
somewhat greater depth under brittle-ductile defor- man - Wiluna belts appear to have been formed 
mation. This qualitative observation is in accordance mostly under pressures between 1 and 2 kb (eg. Ho et 
with sphalerite geobarometry by Kojonen et al. (1993, al., 1992). 

Wall-rock alteration 

Wall-rock alteration is influenced predominantly by 
temperature and pressure conditions, and composition 
of the fluid and host rock. Archean gold mineralization 
in general is characterized by the massive addition of 
H,O, CO,, K, and S (Groves and Foster, 1991). In the 
Hattu schist belt, the gold mineralization is largely 
hosted by pelitic sedimentary rocks and tonalitic intru- 
sions, which largely determines the alteration rnineral- 
ogy (Kojonen et al., 1993, this volume)(Table 3). The 
alteration is governed by the break-down of primary 
plagioclase and biotite to form quartz-sericite-chlorite 
dominated assemblages with varying amounts of 

hydrothermal biotite, albite, calcite and epidote. Car- 
bonate and K-feldspar are abundant only in felsic 
intrusion hosted occurrences, such as Ward and Kuittila, 
while rnineralization in pelitic host rocks contains only 
small amounts of these minerals. This cannot evidently 
be explained by varying fluid compositions, because 
the changes in hydrothermal mineralogy are observed 
also within particular alteration zones cross-cutting 
lithological boundaries, for exarnple, in the Kuittila 
Zone. Hydrothermal biotite has formed locally instead 
of sericite and K-feldspar, while tourmaline is variably 
but conspicuously present. 
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Table 3. Geochemical and mineralogical characteristics of gold occurrences in the Late Archean Hattu schist belt, Ilomantsi, eastem Finland. 

Prospect Elements 
ennched' 

Ore minerals2 Alteration minerals in ore zone3 

Kuittila Au>W>Te>Mo Gold, electrum, dyscrasite, silver, Au-Ag- Quartz, albite, biotite, muscovite, 
>Ag>Bi>B Bi-Pb-Fe tellurides, bismuth; pyrite & calcite, K-feldspar & epidote 

pyrrhotite; minor Cu-Zn-Pb sulfides, 
molybdenite, scheelite, pentlandite, 
ilmenite & rutile 

Kelokorpi Quartz, biotite, muscovite, albite, 
tourmaline, calcite & chlorite 

Gold, Bi-Pb tellurides; pyrrhotite & 
pyrite; minor Cu-Zn-Pb sulfides, 
arsenopyrite, pentlandite, molybdenite, 
argentopentlandite, ilmenite & rutile 

Quartz, biotite, muscovite, albite, 
chlorite, tourmaline, epidote, 
titanite, garnet & calcite 

Gold, Au-Ag-Bi-Pb-(Tl) tellurides, 
bismuth; pyrrhotite & pyrite; minor 
arsenopyrite, Cu-Zn-Pb sulfides, 
molybdenite, scheelite, rutile & ilmenite 

Kivisuo Gold, Bi  telluride; pyrrhotite & pyrite; 
minor arsenopyrite, Cu-Zn sulfides, 
molybdenite, ilmenite & rutile 

Quartz, biotite, muscovite, albite, 
tourmaline, calcite, K-feldspar, 
chlorite, hornblende, epidote & titanite 

Elinsuo Gold, Ag-Bi telluride; pynte & 
pyrrhotite; chalcopyrite, pentlandite, rutile 
& ilmenite 

Quartz, biotite, muscovite, 
chlorite, albite, epidote, 
tourmaline, K-feldspar & titanite 

Muurinsuo Gold, electrum, Au-Ag-Bi-Pb-Ni 
tellurides; pyrrhotite & pyrite; minor 
arsenopyrite, Cu- Pb sulfides, 
gersdorffite, molybdenite, rutile & 
ilmenite 

Quartz, muscovite, albite, chlonte, 
tourmaline, K-feldspar, epidote, 
hornblende, titanite, calcite-siderite 
& garnet 

Ramepuro Gold, bismuth, Bi telluride; pyrite & 
pyrrhotite; minor chalcopyrite, cubanite, 
mackinawite, sphalerite, scheelite, 
molybdenite, galena, ilmenite & rutile 

Quartz, albite, biotite, muscovite, 
tourmaline, chlorite, calcite, gamet 
& epidote 

Ward Gold, electrum, Au-Ag-Pb-Bi-Fe 
tellurides, bismuth; pyrite & pyrrhotite; 
minor Cu-Zn-Pb sulfides, rutile, ilmenite, 
hematite & scheelite 

Quartz, biotite, calcite, muscovite, 
chlorite, K-feldspar, epidote, 
tourmaline & amphibole 

Korpilampi Gold, bismuth; pyrite & pyrrhotite; minor Quartz, biotite, albite, K-feldspar, 
chalcopyrite, sphalerite, bismuthinite, muscovite, tourmaline, garnet, 
galena & arsenopyrite epidote, titanite & chlorite 

'Arranged according to maximum element enrichment in gold anomalous samples (>0.25 ppm Au) at each target, relative 
to average basalt contents (from Nurmi et al., 1991, Table 21). 

Sulfides arranged according to modal abundances (see, Kojonen et al., 1993, this volume). 
Arranged according to modal abundances (see, Kojonen et al., 1993, this volume). 

Alteration assemblages in mafic and ultrarnafic and finally biotite-rich schists. Similar alteration 
lithologies are not well documented, due to their assemblages are typical in other mesothermal gold 
relative scarcity. At the Ward prospect however, it is provinces as well (e.g., Colvine et al., 1988), and 
possible that ultramafic rocks record progressive roughly suggests a temperature range between 300 to 
alteration firstly to talc-chlorite dominated lithologies 500 "C (see, Mueller and Groves, 199 1 ; Witt, 199 1). 

Ore mineralogy 

A detailed mineralogical study of the Hattu schist minor Cu, Zn and Pb sulfides, arsenopyrite, 
belt gold prospects by Kojonen et al. (1993, this molybdenite and scheelite, as well as a number of 
volume) indicates that in addition to Fe sulfides, rare minerals are present (Table 3). However, the 



Table 4. Chemical composition of selected drill-core intersections from gold occurrences in the Hattu schist belt, Ilomantsi. 

Table 4. 

Rämenum Rämeouro Kuiiiila KuitiiIa Korvilan- Kordan- Kelokorpi Muurinsuo Muurinsuo Kivisuo Elinsuo Ward Watd Komi- 
SUO suo impi 

Ml1 core IMiHAI 1M/Hii1 R 309 R 309 R 356 R 325 R 329 R 338 R 342 R 345 R 354 R 305 R 323 R 454 
34.25 

(m) -43.80 
43.80 127.00 191.00 81.20 134.70 135.90 51.20 97.30 131.50 82.10 47.8 59.30 0.75 

-48.25 -128.00 -193.00 -81.60 -138.40 -136.90 -53.20 -99.30 -133.50 -82.65 -48.8 -77.00 -3.65 
Host m k  

ore type 

Au ( P P ~ )  
Ag ( P P ~ )  
As ( P P ~ )  
B ( P P ~ )  
Ba ( P P ~ )  
Bi @pm) 
Co (ppm) 
Cr ( P P ~ )  
cu ( P P ~ )  
Mo (ppm) 
Ni ( P P ~ )  
Pb ( P P ~ )  
Rb fppm) 
s ( P P ~ )  
Sb ( P P ~ )  
Sr ( P P ~ )  
Te (PP~)  
W ( P P ~ )  
zn @pm) 
zr ( P P ~  
SiO, (%) 
TiO, (90) 
MzO, (%) 
Fe20, (%) 
MnO (%) 

MgO 6) 
CaO (%) 

NqO (%) 
K,O (%) 
p205 (%) 
LOI (%) 

CO, (%) 

Mica schist 
Dissem. in 
ser schist 

8.8 
1.5 
7.0 

360 
640 
400 
23 

150 
120 
d 
63 
a 

120 
54000 

4 . 2  
440 
850 

7 
110 
90 
64.30 
0.60 

15.70 
7.24 
0.12 
2.20 
2.77 
2.76 
2.77 
0.12 
1.47 
0.01 

Felsic dike 
Qtz-tour 
veins, ser 
alter 

14 
2.0 

Q 
4000 
530 
340 

17 
120 
410 
d 
64 
2 

700 
13200 

4 . 2  
400 

9100 
9 

200 
60 
72.30 
0.44 

13.50 
5.49 
0.03 
1.50 
0.74 
2.61 
1.50 
0.06 
1.54 

4.01 

Tonalite 
Qtz vein, 
biot carb 
alter. 

19 
1.5 
1.1 

53 
320 

0.2 
19 

150 
6 

25 
48 
25 

120 
50 
4 .1  

240 
540 

2 
77 
37 
63.00 
0.29 
7.42 
4.68 
0.16 
4.36 
9.20 
0.81 
2.61 
0.15 
7.16 
6.12 

Tonalite 
Qzt veins, 
ser alter. 

5.0 
1.5 
0.6 
5 

910 
0.1 

10 
55 
23 
13 
22 
31 

830 
600 
4 . 1  

100 
40 
10 
42 
16 
85.90 
0.11 
6.17 
1.12 
0.02 
0.78 
0.97 
0.66 
1 92 
0.05 
1.23 
0.57 

Mica schist 
*-tour 
vems, v.g. 

8.5 
1.4 
8.4 

1900 
830 
34 
15 

100 
31 
3.0 

44 
8 

580 
4300 

0.2 
790 

15000 
<1 
56 

110 
70.40 
0.44 

14.70 
3.76 
0.08 
1.70 
2.66 
3.76 
1.36 
0.11 
0.77 

4.01 

Mica schist 
Dissem. in 
ser schist 

4.3 
0.16 

820 
1300 
660 

6.1 
39 

310 
47 
3.0 

140 
23 

130 
5100 

0.1 
230 

1400 
3 

87 
120 
61.90 
0.70 

15.80 
8.00 
0.11 
3.79 
1.56 
1.68 
3.67 
0.11 
1.62 
0.05 

Int. schist 
Qtz veins 
ser chlo 
schist 

4.7 
0.56 

34 
280 
290 

0.4 
35 

310 
47 
34 

150 
22 

110 
4800 

Co. 1 
110 
440 

2 
100 
110 
62.30 
0.69 

15.80 
7.93 
0.10 
4.65 
1.45 
1.90 
2.79 
0.08 
2.31 
0.01 

Mica schist 
Dissem. in 
ser schist 

6.0 
0.16 

740 
45 

500 
0.9 

26 
200 
53 
<1 
84 
11 

710 
6900 

d . 1  
310 
341) 

100 
150 
65.70 
0.59 

15.60 
5.82 
0.07 
2.84 
2.24 
2.90 
1.70 
0.13 
2.16 
0.05 

Mafic volc. 
Dissem. in 
amphibok 
rock 

2.7 
1.3 

21 
79 

210 
1.9 

41 
720 

12 
3.0 

370 
4 

620 
9700 

0.1 
410 

3300 
<1 
76 

120 
50.60 
0.86 

11.00 
10.90 
0.21 

13.10 
7.26 
0.86 
1.74 
0.32 
3.54 
0.51 

Abbreviations: biokbiotite, carbxarbonate, chlo=chlorite, K-fsp=K-feldspar, qtz=quariz, tour=toumaline, ser=sericite, v.g.=visible gold 

Mica schist 
Dissem. in 
ser schist 

Mica schist 
Qtz-tour 
m k  

2.7 
0.50 

34 
8700 

180 
2.4 

21 
240 
141 

6.0 
89 
9 

480 
10600 

0.1 
400 

2900 
<i 
30 

110 
68.70 
0.66 

14.80 
5.78 
0.04 
2.91 
1.62 
2.43 
0.84 
0.1 1 
2.23 
0.01 

Int. volc. 
Dissem., ser, 
biot, K-fsp, 
carb 

27 
6.2 

210 

1400 
7.3 

130 
180 
10 
66 

710 
180 

18000 
a o  

1200 
25000 

400 
700 
260 
57.90 
0.69 

11.38 
7.01 
0.15 
2.85 
5.04 
2 26 
6 63 
0.72 

Int. volc. 
Dissem., 
ser, biot, K- 
fsp, carb 

8.9 
2.8 

20 

Pegmatite 
Dissem., 
tour 
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overall abundance of sulfides is relatively low. Gold 
occurs mostly in he-grained ( 4 5  ym) native form 
and is typically intergrown with pyrite, arsenopyrite, 
rutile, bismuth and avariety of tellurides (Kojonen et 
al., 1993, this volume). Preliminary cyanide dissolu- 
tion tests demonstrated however, that gold is mostly 
in free-milling form, the recovery being 96 and 97% 
at Muurinsuo and Ward respectively, while a sample 
from Ramepuro gave a 82% recovery (Nurmi et al., 
1992). The Ag content of native gold varies between 
5 and 15%, although sporadic electrum has been 
encountered. Geothermometry of the ore minerals 
suggest that arsenopyrite and associated gold crys- 

tallized below 500 "C and most probably around 400 
"C, whereas the various telluride-bismuth-gold as- 
semblages point to somewhat lower temperatures, 
around 300 'C (see, Kojonen et al., 1993, this vol- 
ume). 

Overall mineralogy is comparable with that in 
other Archean gold provinces,where pyrite andlor 
pyrrhotite andlor arsenopyrite generally dominate, 
with accessory minerals including scheelite, 
tellurides, stibnite, galena, sphalerite, chalcopyrite, 
magnetite, hematite and anhydrite (Groves and Fos- 
ter, 1991). 

Trace element characteristics 

Chemical composition of selected ore-grade sam- 
ples from different prospects, based on multielement 
analysis of homogenized drill cores (for the analyti- 
cal techniques see, Bornhorst et el., 1993, this vol- 
ume), is presented in Table 4 and show that the 
prospects are invariably enriched with a number of 
rare elements, while the base metal contents are 
relatively low. Table 3 shows the comparison of 
maximum enrichment of Au-affiliated elements rel- 
ative to average basalt abundances in Au anomalous 
(>0.25 ppm Au) samples from various occurrences. 

In addition to Au, Te, Bi, B, Ag, S and W are most 
commonly markedly enriched ( ~ 1 0  x average basalt) 
although their relative order varies, whereas Mo and 
As are only occasionally present at higher abundances. 

Analogous geochemical characteristics are found 
in many other Archean mesothermal gold deposits 
(Kerrich, 1983; Nurmi et al., 1991). Figure 15 com- 
pares median abundances of ore-grade (> 1 ppm Au) 
samples from various occurrences to the median of 
Canadian and Australian deposits. Although there is 
great variation between the prospects from the Hattu 

+- Korvilansuo 

+ Muurinsuo 

Fig. 15. Basalt-normalized diagram showing the median enrichment of selected elements in ofe-grade (>I ppm Au) drill-core samples from 
various gold occurrences in the Hattu schist belt. Stippled black curve refers to the median of Canadian and Western Australianmewthermal 
gold deposits from Nurmi et al., 1991. (Basalt normalizing values from Nunni et al., 1991, Table 21). 
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schist belt, there are systematic differences. Telluri- 
um, Bi and B appear to generally be more and As, Ag, 
W and S less enriched than in the Canadian and 
Australian medians. This is of course an over-simpli- 
fication because of great variation in the results of the 
foreign deposits but it does provide a broad view for 
comparison. 

Among the occurrences in the Hattu schist belt 
there are orders of magnitude differences in the 
enrichment factors (Fig. 15). Kuittila is anomalously 
low in Te, Bi, As, B, S and Cu while Ward shows the 

highest enrichment in Te, W and Pb. Bismuth is 
considerably higher at Ramepuro than in the other 
prospects. 

Rock geochemical studies of the gold prospects in 
the Hattu schist belt demonstrate that a regionally 
integrated hydrothermal system was responsible for 
the mineralization (Bornhorst and Rasilainen, 1993, 
this volume). It caused the most prominent changes 
in Au, Te, Se, B, As, S and Hg abundances of a large 
number of samples, while only Te, Bi, Ag and B are 
closely related to gold rnineralization. 
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Several gold deposits have recently been discovered in the Archean Hattu 
schist belt, Ilomantsi, eastern Finland, 80 km east of the town of Joensuu. The 
gold mineralizations occur with sulphide disseminations in quartz-carbonate 
veins and shear zones in hydrothermally altered tonalites, quartz-feldspar 
porphyry dykes, quartz-tourmaline veins and mica schists. In the northern part 
of the belt, gold is found in altered felsic porphyries in contact with komatiitic 
ultramafic rocks. 

The tonalite hosted deposit has molybdenite-scheelite-quartz vein net- 
works, but most of the gold occurs in younger sulphide-quartz-calcite veins as 
inclusions in pyrite and chalcopyrite. In the deposits hosted by mica schists 
and quartz-feldspar porphyry dykes, gold is frequently found in dravite- 
schorl-quartz veins. Most of the gold is in native form intergrown with pyrite, 
arsenopyrite, rutile, native bismuth and tellurides of Au, Ag, Tl, Bi, Pb and Fe. 
The native gold grains are usually from a few to 10- 15 microns in size and their 
silver content is 3.1-24.8 wt %. The tellurides include altaite, tsumoite, 
hedleyite, tellurobismuthite, unnamed Bi,Te,, rucklidgeite, volynskite, hessite, 
thallian silver telluride, frohbergite and melonite. Minor amounts of gold are 
incorporated in electrum, calaverite, petzite and an undefined Au-Sb telluride. 

Hydrothermal alteration is strong in the mineralized zones, demonstrated by 
silicification and potassium metasomatism, which altered plagioclase and 
micas, and produced sericite and Ba-containing microcline locally. Mn- 
bearing ilmenite has altered to rutile, and Mn-bearing garnet has crystallized. 
Tourmalinization and sulphurization are common in the mineralized zones, 
whereas carbonatization is strong only in a few gold deposits. 

Stnictural and textural evidence point to replacement and Open space filling 
as the mineralization type. Mineralization in the Hattu schist belt started with 
the formation of molybdenite-scheelite-quartz veins followed by that of 
sulphide-carbonate veins and tourmaline-quartz veins. Extrapolating from 
experimental data on arsenopyrite, the Ilomantsi arsenopyrite crystallized 
below 500°C, most probably at temperatures around 400°C. Some of the native 
gold intergrown wch arse~opyrite~obviously formed shortly thereafter. Most 
of the native gold occurs in intergranular spaces between silicates, tourmaline 
and carbonates, with the native bismuth and tellurides implying crystallization 
mainly in the mesothermal temperature range at 350-250°C. 

The sphalerite geobarometer indicates a pressure of 3 kb for the formation 
of gold mineralizations in Ilomantsi. 
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INTRODUCTION 

Several gold occurrences have been recently 
fonnd in the Archean Ilomantsi greenstone belt, 
eastern Finland. The exploration was initiated after 
discovery of Mo-W anomalies in tonalite intrusions 
during regional geochemical till mapping in 1984 
(Hartikainen and Nurmi, 1993, this volume). In au- 
tumn 1985 the senior author studied samples from 
test pits at Kuittila containing molybdenite, pyrite, 

native gold and tellurides of Au, Ag, Hg, Bi, Fe and 
Pb. Extensive local geochemical exploration of till 
was then successfully applied yielding several gold 
prospects in 1986-90 (Hartikainen and Nurmi, 1993, 
this volume). Most of the prospects were drilled 
1985-1992 and several small gold deposits were 
delineated. Drill cores from the deposits were 
mineralogically studied with results presented here. 

METHODS 

The samples were studied under a polarizing mi- 
croscope and selected minerals were analysed with 
an electron rnicroprobe (Jeol733 Super Probe). The 
accelerating voltage was 15 kV and the probe current 
30 nA for sulphides, tellurides, native bismuth and 
gold, and 15 kV - 25 nA for the silicates. X-ray lines 
used for sulphides, tellurides and gold were La for 
Au, Ag, Bi, T1, Te, Sb, Pb, and Hg; K, for As, S ,  Fe, 
Cu, Co and Ni. X-ray lines measured for the silicates, 
carbonates, scheelite and oxides were: K, for Si, Ti, 
Al, Fe, Mn, Mg, Ca, Na, K, V and Cr, La for Mo, W 
and Ba. For the quantitative analysis standards were 
pure metals for Au, Ag, Bi, T1 and Te, galena for Pb, 
cinnabar for Hg, Sb,Te, for Sb, chalcopyrite for Cu, 
Fe and S, cobaltitefor Co and As, and pentlandite for 
Ni. Standards for feldspar and muscovite analyses 
were orthoclase for Si, K and Ba, pyrope for Fe, 
garnet for Mg and Ti, labradorite for Al and Ca, and 

anorthoclase for Na. For amphiboles, chlorite and 
biotite standards were hornblende for Si, Ti, Al, Fe, 
Mg and Ca, garnet for Mn, anorthoclase for Na, 
biotite for K, and V,05 for V. Standards for carbon- 
ates were calcite for Ca, dolomite for Mg, almandine 
for Fe, and willemite for Mn. For tourmaline stand- 
a r d ~  were diopside for Si, Ca, Mg, rutile for Ti, 
almandine for Al and Fe, rhodonite for Mn, 
anorthoclase for Na, olivine for Ni, and chromite for 
Cr. Various garnet types were used as garnet stand- 
a r d ~  except for Cr, which was measured against Cr 
in chromite. For ilmenite standards were rutile for Ti, 
magnetite for Fe, almandine for Si and Al, diopside 
for Mg and Ca, willemite for Mn andZn, and chromite 
for Cr. For rutile standards were the same as for 
ilmenite, supplemented with W metal for W, and 
V,05 for V. ZAF procedures were applied to correct 
the analytical results. 

GENERAL GEOLOGY 

The bedrock of the Hattu schist belt in eastern of the Hattu schist belt (Sorjonen-Ward, 1993, this 
Finland (Fig. 1) is mainly composed of syn- to post- volume). U-Pb zircon ages from the metasedimentary 
kinematic Archean (2.75 Ga) granitoids intruded schists also give 2.75 Ga ages (Vaasjoki et al., 1993, 
into volcanogenic and sedimentary supracrustal rocks this volume). The mica schists and metagreywackes 
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are derived from local volcandcs (O'Brien et al., 
1993, this volume). Mafic-ultramafic volcanogenic 
rocks are more abundant in the noithern pari: of the 
Hattu schist belt than in south. Theintrusions eontain 
porphyritic biotite tonalites, granodiorites, quam 
diorites and quartz-feldspar porpiryry dykes. Gold 
occurs principally in three host rock s.pcs: 1) tonalite 
intrusions, 2) mica schists and metagreywackes and 
3) quartz-feldspar porphyry dykes. The minera- 
lizations are controlled by shearing connemd with 
quartz-tourmali~e veins and sericite + chlorite + 
epidote + carbonate alteration zones, which are fram 
several metres ta hundreds of metres wide (Nunni et 
al. 1993, this volume). 

Fig. 1. Simplified geological map of the Hattu sehist beit. The gold 
deposits are marked with stars, 

GOLD OCCURRENCES 

Ten proven (drilled) occurrences have been locat- ment of Outokumpu Oy. Their mineralogies and a 
ed in the Ilomantsi greenstone belt, in an area about short description are given below (Table I), and the 
5 km wide and40 km long. Nine of these occurrences geological characteristics are reported by Nurmi et 
were located by the Geological Survey of Finland a1.(1993, this volume). 
(GSF) and one was found by the Exploration Depart- 

Kuittila 

The first deposit found was the Kuittila occur- 
rence (Fig. l ) ,  which was initially aMo-W prospect. 
The Kuittila gold occurrence is hosted by tonalite, 
which is usually hypidiomorphic granular with biotite, 
quartz, plagioclase, muscovite and potassium feld- 
spar as the main minerals. The tonalite has under- 
gone brittle deformation producing a set of fractures 
in the rock that were later filled by several sets of 
cross-cutting vein mineralizations. Shearing of 
tonalite resulted in the formation of sericite schist 
zones. The average gold content in the Kuittila 
deposit is 4 glt. 

The first set ~f veins contains molybdenite, 
scheelite, and in some places abundant pyrrhotite 

and copper sulphides with quartz. Molybdenite and 
scheelite occur disseminated both in the veins and in 
the tonalite. 

The second set of veins contains quartz and car- 
bonate associated with pyrite, pyrrhotite, pentlan- 
dite, chalcopyrite, cubanite, bornite, mackinawite, 
sphalerite and galena with inclusions of native gold, 
native bismuth, electrum, dyscrasite and Au-Ag-Bi- 
Pb-Fe-tellurides. Carbonate in the veins is calcite 
with minor (<3 wt.%) arnounts of MgO, CaO and 
FeO (Appendix A, Table A2). The silver content in 
the native gold grains ranges from 5.5 to 6.0 wt % 
(Appendix B, Table Bl). Electrum contains 37.7- 
46.3 wt % Ag and 3.3-3.8 wt % Hg. 
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Table la. Gangue minerals of various gold deposits in the Hattu schist belt, Ilomantsi. Abbreviations: A=abundant (>10%), M=moderately 
abundant (1-10%), C=common, but not abundant (<1%), T=common, but in trace quantities, S=scarce, and ND=not detected; rock types: 
TON=tonalite, MSCH=mica schist, PORP=quartz-feldspar porphyry, SERSCH=sericite-chlorite schist, GRW=graywacke, UMR=ultramafic 
rock, PGM=pegrnatite, and ITSCH=intermediate schist. 

Deposit Kuittila Kelokorpi Korvilansuo Kivisuo Elinsuo Muurinsuo R'amepuro Ward Korpilampi 

Rock tvpe TON TON MSCH MSCH MSCH SERSCH GRW PORP PGM 
Mineral MSCH PORP PORP PORP PORP PORP UMR ITSCH 

Quartz A A A A A A A A A 

Plagioclase A A A A A A A A A 

K-feldspar M S M S T C T A A 

Biotite M A A A A C A A A 

Muscovite M A A A A A A A A 

Garnet S ND C ND S C T T C 

Staurolite ND ND ND ND ND ND ND S ND 

Kyanite ND ND ND ND ND ND ND S ND 

Chlorite C S C S C A C C T 

Amphibole ND ND ND S ND C S ND T 

Tourmahne M C A C M M C M M 

Titanite ND S T T T C T S r 
Apatite T ND T T ND T T T T 

Monazite T ND T ND ND ND ND ND ND 

Zircon T ND T C S S S S S 

Epidote C S C C C C T S S 

Carbonate C C C C ND M C M ND 

Veins of the third set are dominantly quartz but 
may contain some calcite and muscovite. The fourth 
set of veins mainly consists of quartz and tourmaline. 

Disseminated sulphides also occur in the shear 
zones within the tonalites, where hydrothermal alter- 
ation of plagioclase has produced sericite, carbonate 
and epidote. The plagioclase in tonalite is albite, 
remnant oligoclase having been recognized in only 
one sample (Appendix A, Table Al). In the shear 
zones the alteration to sericite is almost total. Biotite 

and potassium feldspar, comrnon in fresh tonalite, 
are not present in the hydrothermally altered tonalite. 
The Bao content of potassium feldsparis 0.5-2 wt %, 
in muscovite 0.1-0.6 wt % and in biotite less than 0.1 
wt %. The V,O, content of biotite is below 0.5 wt % 
(Appendix Ä, Table A3), which is much lower than 
that in the Hernlo gold deposit (Harris, 1989). The 
accessory minerals in the tonalite are chlorite, zircon, 
monazite, bastnasite, garnet, tourmaline and ilmenite, 
which has altered to rutile in the shear zones. 

Kelokorpi 

Another gold deposit partly hosted by the Kuittila 
tonalite is Kelokorpi, 2 km SSE of the Kuittila 
deposit (Fig. 1). Gold occurs 1) in quartz-carbonate 
veins in sheared tonalite and 2) in the biotite-chlorite 
schist in the footwall side of the tonalite. 

In the tonalite-hosted mineralization, native gold 
is accompanied by pyrite, pyrrhotite, chalcopyrite, 
sphalerite and galena. Pentlandite inclusions occur in 
pyrrhotite, and mackinawite inclusions in 
chalcopyrite. Molybdenite is also present in small 

amounts. Native bismuth is encountered as inclu- 
sions in galena, which contains 0.3-0.4 wt % Silver 
(Appendix B, Table BIO). Plagioclase occurs as 
phenocrysts in tonalite, and is partially altered to 
sericite and carbonate. Remnant plagioclase is less 
albitized here than in the Kuittila occurrence, with 
An,,,, composition. The carbonate is calcite with 
small amounts of MnO, MgO and FeO, which usual- 
ly total less than 3 wt % (Appendix A, Table A2). 
Biotite has been partly altered to chlorite. 
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Table lb. Ore minerals of various gold deposits in thexattu schist belt, Ilomantsi. Abbreviations: A=abundant (>10%), M=moderately abundant 
(1-10%), C=common, but not abundant (<1%), T=common, but in trace quantities, S=scarce, and ND=not detected. 

Devosit Kuittila Kelokorpi Korvilansuo Kivisuo Elinsuo Muullnsuo Ramepuro Ward Korpilampi 
Mineral 

Pyrrhotite M M M M M M M M M 

Pyrite M M M M M M M M M 

Arsenopyrite S ND T T ND C T ND T 
Chalcopyrite M M M M M M C M M 

Cubanite S ND T ND ND T C T ND 

Mackinawite S S S S ND T l- T ND 
Pentlandiie S S T S T T S S T 

Sphalerite S M T S ND ND M C C 

Galena T M S ND ND T ND C C 

Molybdenite C M T T ND T T C ND 

Bismuthinite ND ND ND ND ND ND ND ND T 

Scheelite C ND T T ND ND T C T 

Ilmenite C C T C C C C C ND 

Rutile C C C C C M C C ND 

Goethite T ND ND ND ND ND ND C T 

Hematite ND ND ND ND ND ND ND C ND 

Magnetite ND ND ND ND ND ND ND M ND 

Chromite ND ND ND ND ND ND ND M ND 

Tellurobismuthite S ND T ND S S ND S ND 

Tsumoite ND S S ND ND S ND S ND 

Hedleyite ND ND ND S ND ND C ND ND 

Bi,Te, ND S ND S ND ND ND ND ND 

Gold S S S S S C C C S 

Electrum S ND ND ND ND S ND S ND 

Silver S ND ND ND ND ND ND ND ND 
Bismuth S S S ND ND ND C S C 

Frohbergite S ND S ND ND ND ND C ND 

Altaite S S S ND ND C ND ( ND 
Hessite S ND S ND S S ND C ND 

Petzite S ND S ND ND S ND S ND 

Calaverite ND ND ND ND ND ND ND T ND 

Volynskite ND ND S ND S S ND S ND 

Rucklidgeite ND ND S ND ND ND ND S ND 

In the schist-hosted mineralization, native gold is 
associated with disseminated pyrrhotite, sphalerite, 
chalcopyrite, arsenopyrite, molybdenite and Pb-Bi 
tellurides. Pyrrhotite contains inclusions of 
pentlandite. The schist, which is called an andesitic 
tuff in drilling reports, has biotite, quartz, muscovite, 
potassium feldspar and plagioclase as principal min- 
erals, and chlorite, tourmaline, epidote, titanite and 
zircon as accessories. The schist, which is granoblas- 
tic in texture is intruded by quartz-carbonate-tour- 
maline veins. The plagioclase is andesine-labradorite 

(Appendix A, Table A l )  partly altered to sericite. 
Ilmenite is frequently altered to rutile. Analyses of 
the rutile by microprobe for vanadium and tungsten 
contents generally give ~ 0 . 2  wt % (Appendix B, 
Table B3). These concentrations are much less than 
reported from the Hemlo gold deposit (Harris, 1989). 
Native gold is intergrown with 1) molybdenite and 
tourmaline and 2) with arsenopyrite, teilurides and 
pyrrhotite. The native gold contains 12.5-13.8 wt % 
silver with small amounts of bismuth and mercury 
(Appendix B, Table B 1). 
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Korvilansuo 

The Korvilansuo deposit i s  Located 3 km NW of 
the Kuittila deposit. The principal host rocks are 
mica schists with local quartz-tourmaline veins. 
Quartz-plagioclase porphyry dykes crosscutting the 
schists are also common. Some of the drill holes 
intersected Kuittila-type altered tonalites. 

The mica schists are biotite-chlorite schists, 
sericite-chlorite schists or sericite schists. In drill 
logs the protoliths have been interpreted as andesitic 
tuffs, agglomerates, greywackes, mica schists, and 
sericite schists. The principal minerals are quartz, 
biotite, muscovite, chlorite, potassium feldspar and 
plagioclase. The composition of plagioclase (Ap- 
pendix A, Table A l )  varies from labradorite in the 
unaltered mica schists to albite in the hydrothermally 
altered zones characterized by tourmaline-quartz 
veins. The ratios of biotite, muscovite and chlorite 
vary with the grade of alteration and deformation 
(shearing). Garnet, tourmaline, epidote, carbonate, 
titanite, apatite, zircon, xenotime and monazite are 
common accessory minerals. Garnet, which occurs 
as large porphyroblasts in the mica schists, is mostly 
Mn-Fe bearing. Sometimes it has substantial amounts 
of Ca (Appendix A, Table A4) and is intermediate in 
composition between almandine, grossular and 
spessartine. The garnet porphyroblasts seem to have 
grown in the sulphide-rich parts of the mineraliza- 
tion. Fe-Mg-bearing biotite is intergrown with the 
garnet porpyroblasts. The mica schists contain dis- 
seminated pyrrhotite, chalcopyrite, sphalerite, pyrite 
and ilmenite. Cubanite and mackinawite occur as 
inclusions in chalcopyrite. Ilmenite has altered to 

rutile in sericite schists. Tellurides of Pb and Ag are 
occasionally encountered in the mica schist with 
arsenopyrite, galena and native bismuth. Native gold 
was found as inclusions in biotite and arsenopyrite. 
Tourmaline is abundant in quartz-tourmaline veins, 
justifying the term tourmalinite for these vein rocks. 
Tourmaline is dravite-schorl, tending to be schorl in 
the iron sulphide-rich parts (Appendix A, Table A5). 
As well as the common sulphides, the quartz-tour- 
maline veins contain arsenopyrite, galena, sphalerite, 
native bismuth, tellurides of Pb, Bi, Ag and Au. The 
native gold contains 5.8-18.1 wt % Ag. Molybdenite 
and scheelite occasionally occur in the quartz-tour- 
maline veins. 

In the mineralized tonalites and quartz-plagioclase 
porphyry dykes intersected by drill holes, oligoclase 
occurs as phenocrysts partly altered to sericite (Ap- 
pendix A, Table Al )  together with quartz, biotite, 
potassium feldspar, epidote, titanite, tourmaline, 
apatite, zircon and carbonate (calcite with ~ 1 . 5  wt % 
MgO + FeO + MnO, see Appendix A, Table A2). The 
tourmaline analysed from this rock type (Appendix 
A, Table A5) is of the dravite-schorl series rich in Fe, 
Mg, and Na. The tourmaline-quartz veins intruding 
the tonalite contain disseminated pyrrhotite, 
chalcopyrite, pyrite and arsenopyrite with inclusions 
of mackinawite and cubanite in chalcopyrite and of 
pentlandite in pyrrhotite. Pyrrhotite is partly altered 
to marcasite. Native gold occurs as inclusions in 
sulphides, between silicate grains, intergrown with 
tellurides of Pb, Bi, Ag, Ni, Fe oras Ag-Au telluride. 

Kivisuo 

The gold occurrence at Kivisuo lies on the north- 
western flank of the Kuittila tonalite, about 1.5 km 
NE of the Korvilansuo deposit. The Kivisuo gold 
mineralizations are hosted by mica schists, sericite 
schists and metagreywackes intruded by quartz- 
plagioclase porphyry dykes and quartz-tourmaline 
veins. The metasediments apparently were derived 
from volcanogenic material. In mica schists and 
metagreywackes primary plagioclase is andesine- 
oligoclase in composition. It sometimes has tabular 
inclusions of alkalic feldspar, forming with it 
antiperthite-like textures. The plagioclase in the 
quartz-plagioclase pophyry dykes is andesine- 
oligoclase, and has altered partially to sericite and 
epidote. Rare intercalations of mafic metavolcanics 
occasionally occur in the mica schists rich in 
amphiboles with oligoclase-albite, biotite, chlorite 
and quartz veins. In general, all rock types at Kivisuo 

contain disseminated pyrrhotite, chalcopyrite, pyrite 
+ marcasite, pentlandite, mackinawite and ilmenite 
or rutile. Sphalerite intergrown with pyrrhotite was 
found in the quartz-plagioclase porphyry dykes. The 
quartz-tourmaline veins also have arsenopyrite and 
various tellurides, whereas molybdenite occurs spo- 
radically . 

The gold contents in the mica schists and 
metagreywackes are 9.5 ppm in a 2-m intersection 
and 4 ppm in a 5-m intersection. The gold is also 
associated with the quartz-tourmaline veins, quartz- 
plagioclaseporphyry dykes and mafic metavolcanics. 
Native gold is intergrown with arsenopyrite or 
tellurides. Native gold and bismuth tellurides were 
also found with sulphides and ilmenite in the mafic 
metavolcanics. The native gold contains 1 1.6-1 2.5 
wt % Ag (Appendix B, Table B 1). 
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Elinsuo 

The Elinsuo gold occurrence is a continuation of 
the goldmineralizations along the flank of the Kuittila 
tonalite about 3 km NE of the Korvilansuo deposit. 
The mineralizations are hosted by sericite schist cut 
by plagioclase porphyry dykes and tourmaline-quartz 
veins. The mica schists and metagreywackes contain 
biotite, muscovite, plagioclase and quartz as princi- 
pal minerals, and chlorite and epidote as accessories. 
Ilmenite has been altered to rutile in the sericite 
schists, and the plagioclase is andesine-oligoclase. 
The quartz-plagioclase porphyry dykes have 
phenocrysts of andesine-oligoclase, quartz and biotite 
with secondary sericite, epidote and chlorite. Titanite 

and rutile are the titanium-bearing phases. The com- 
mon sulphides, pyrrhotite, pyrite, chalcopyrite and 
pentlandite, occur as disseminations along with 
ilmenite or rutile in the mica schists and plagioclase 
porphyries. 

The quartz-plagioclase porphyries and quartz-tour- 
maline rocks host anomalous gold. The analysed 
gold contents are in the range 1.5-3 glt. In plagioclase 
porphyry, native gold is intergrown with pyrite or 
with tellurides of Ag and Bi, and in the tourmaline- 
quartz veins it is in pyrite as inclusions intergrown 
with Bi and Ag-Au tellurides. The native gold con- 
tains 5.8-6.5 wt % Ag (Appendix B, Table Bl). 

Muurinsuo 

The Muurinsuo deposit is about 1 km NW of 
Elinsuo, in the hanging wall of the Kuittila tonalite in 
the alteration zone consisting of sericite and chlorite 
schists. They are intruded, mainly conformably, by 
mineralized quartz-plagioclase porphyry dykes, tour- 
maline-quartz veins and mafic metavolcanics, all of 
which also host gold mineralizations. 

The sericite-chlorite schists consist of quartz, mus- 
covite, plagioclase and chlorite, with carbonate, 
biotite, apatite, zircon and tourmaline as accessories. 
The plagioclase is andesine-oligoclase. In the sericite 
schists, the carbonate is siderite (Appendix A, Table 
A2), and both partly siderite and Fe-Mg carbonate in 
the chlorite schists. Muscovite, chlorite and biotite 
were analysed by microprobe for major elements and 
V and Ba (Appendix A, Table A3), in order to 
compare their chemical composition with those 
analysed from the Hemlo gold deposit (Harris, 1989). 
The results, especially in case of V, are not similar to 
those from Hemlo but very are similar to those 
reported by Deer et al. (1965) for muscovite, chlorite 
and biotite. Chlorite has about equal amounts of Fe 
and Mg, resembling ripidolite. The sericite-chlorite 
schists contain disseminated sulphides, native gold 
and tellurides of Ag, Pb and Bi. The disseminated 
sulphides include pyrite, pyrrhotite, chalcopyrite, 
pentlandite, galena, arsenopyrite and rarely, 
molybdenite. Ilmenite and rutile occur as dissemina- 

tion. Gersdorffite occurs in the mafic amphibole 
schists with hornblende, quartz, tourmaline, chlorite 
and plagioclase as principal minerals and sericite, 
potassium feldspar, calcite, titanite, rutile and apatite 
as accessories. The carbonate in the amphibole schist 
is calcite. 

In the intersections with quartz-plagioclase 
porphyries, the rocks have phenocrysts of oligoclase- 
andesine along with biotite, quartz, sericite, chlorite, 
epidote, zircon and apatite. 

Quartz-calcite or quartz-siderite veins often inter- 
sect the quartz-feldspar porphyries (Appendix A, 
Table Al). In these veins, the common sulphides are 
disseminated along with arsenopyrite and tellurides 
of Bi, Au + Ag. 

The tourmaline-quartz veins contain euhedral, 
zoned Fe-Mg tourmaline, schorl-dravite (Appendix 
A, Table A5), quartz and biotite with minor musco- 
vite, chlorite and titanite. Tourmaline also occurs as 
an accessory mineral in sericite-chlorite schists, 
plagioclase porphyries and tonalites. The similar 
chemical composition of tourmaline in all these rock 
types suggests a cornrnon origin. 

The analysed gold concentrations are in the range 
0.6-9.0 ppm in the Muurinsuo deposit. Grains of 
native gold contain 4.4- 15.2 wt % Ag. Electrum with 
29.7 wt % Ag was found in one sample. 

Ramepuro 

The Rämepuro deposit lies on a schist zone about 1 feldspar porphyry and diabase dykes, are mylonitic in 
km wide, between tonalite intrusions (Fig. 1). The the westem border against the tonalite. Shearing and 
schists, which comprise conglomeratic meta- mylonitization are also comrnon elsewhere in the schist 
greywackes, intermediate volcanoclastic meta- zone, especially in the auriferous ore zone. 
sedirnents, felsic pyroclastics, iron formations, quartz- The Ramepnro gold deposit was discovered by the 
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Exploration Department of Outokumpu Oy, after 
reanalysis of one ore boulder sent to the Company by 
an amateur prospector in 1970 (Pekkarinen, 1988, 
Ojala et al. ,  1991). The sample was from 
metagreywacke containing 0.4 wt % Cu. The 
reanalysis showed 95 pprn Au and 75 pprn Ag. 
Exploration in the Ramepuro area began in 1985 with 
trenching, electromagnetic, magnetic and IP ground 
survey, and diamond drilling. The trench samples 
averaged 6.7 pprn Au and the first drill cores 5-10 
pprn Au. In the trenches, dug on the banks of the 
Ramepuro river, gold is in pyrite-bearing quartz- 
tourmaline veins in the border zone between 
conglomeratic metagreywacke and quartz-feldspar 
porphyry dyke. This very zone intersected by the 
drill holes exhibits the highest below-surface gold 
contents. Although the gold-rich zone is connected 
with narrow quartz-tourmaline veins, the associated 
hydrothermal alteration zone is about 35 m wide and 
shows intensive shearing, sericitization, and 
silification. Native gold occurs with pyrite, 
chalcopyrite, sphalerite, pyrrhotite, galena, native 
bismuth and Bi tellurides. Scheelite is found locally 
in the quartz-plagioclase porphyries. 

The metagreywackes are lepidoblastic, with 
plagioclase (andesine, Ojala, 19881, quartz, biotite, 

muscovite and chlorite as principal minerals and 
tourmaline, garnet, apatite and zircon as accessories. 
In some places it also contains epidote, actinolitic 
amphibole, titanite and carbonate. The sulphides, 
pyrrhotite, pyrite and chalcopyrite, and ilmenite oc- 
cur as dissemination. The quartz-plagioclase por- 
phyry has albite phenocrysts with quartz, biotite, 
muscovite as the principal minerals, and potassium 
feldspar, chlorite, epidote, apatite, zircon, titanite 
and carbonate as accessories. Amphibole, garnet, 
scheelite and tourmaline occur in a few places. Weak 
dissemination of pyrite, pyrrhotite, chalcopyrite and 
ilmenite is ubiquitous. 

The quartz-tourmaline veins contain zoned blue- 
green-orange tourmaline grains, with quartz, 
plagioclase, micas and chlorite as the principal min- 
erals and carbonate (siderite), apatite, zircon and 
titanite as accessories. Pyrrhotite, pyrite, chalcopyrite 
and sphalerite are common, whereas cubanite, ga- 
lena and molybdenite are less so. Only a few grains 
of arsenopyrite were found in the samples. Ilmenite 
is also common and scheelite occurs in small amounts. 
Native gold is commonly associated with native 
bismuth and hedleyite between grains of tourmaline 
and quartz. It is also intergrown with the sulphides. 
The Ag content of native gold is 0.4- 12.1 wt 5%. 

Ward 

The Ward prospect is situated in the north part of 
thellomantsi schist belt (Fig. 1). The mineralization 
was discovered in the course of bedrock mapping in 
summer 1990 by Peter Sorjonen-Ward, who ob- 
served visible gold on outcrop of altered quartz- 
feldspar porphyry. The first chip samples assayed 
14-35 pprn Au. Excavations show, that the elevated 
gold values were derived from a 15-m wide contact 
zone between the quartz-feldspar porphyry and 
ultramafic talc-carbonate rock. The quartz-feldspar 
porphyry is strongly fractured and, in some places, 
mylonitized. The fractures are healed with quartz- 
carbonate veins hosting native gold, pyrite, 
chalcopyrite, magnetite, ilmenite and goethite. 

Drilling revealed that the continuation of the quartz- 
feldspar porphyry was less prornising, only occa- 
sionally having gold concentrations exceeding 1 
ppm. However, gold averaging 4.2 pprn was found 
in a felsic dyke east of the first discovery and also in 
an intermediate schist West of the original discovery 
site. This andesitic layer is between ultramafic talc- 
carbonate rocks and mafic metabasalts. The schist, 
which shows signs of strong hydrothermal alteration 
in the form of sericitization, silification, potassium 
metasomatism and sulphidization, is intmded by a 
quartz-feldspar porphyry of the same type as that at 

the site of the first discovery. The intermediate schist 
averages 18 pprn Au in a drill core intersection 18 m 
long. The quartz-feldspar porphyry veins have over 
4 pprn Au in an 11.5-m drill core intersection. 

The quarz-feldspar porphyry contains phenocrysts 
of potassium feldspar with biotite, quartz and calcite 
as the principal minerals. Albite is rare. The potassi- 
um feldspar is obviously a product of potassium 
metasomatism of plagioclase, because in a less al- 
tered part of the quartz-feldspar porphyry dyke the 
phenocrysts are still plagioclase. The phenocrysts 
are strongly deformed, but the quartz-carbonate veins 
are not. Sometimes the quartz-feldspar porpyhyries 
contain tremolitic amphibole, which has been de- 
formed, partly altered to sericite, and has been re- 
placed by calcite along the fractures. The calcite 
contains less than 3 wt 9% MgO + FeO + MnO 
(Appendix A, Table A 1). 

The ultramafic rock is mainly composed of talc, 
carbonate, chlorite, biotite and tremolitic amphibole. 
Euhedral grains of magnetite, with a core of chromite 
occur as dissemination, along with ilmenite, rutile 
and accessory pyrite. 

The intermediate schist hosting the main gold 
mineralization resembles the feldspar porphyry both 
in its porphyritic texture and in mineralogy, having 
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potassium feldspar phenocrysts and occasional albite intergrown with tellurides of Pb, Bi, Ag, Au and Fe, 
along with quartz, biotite, calcite, epidote and acces- and with pyrite grains. The pyrite has altered to 
sory titanite, scheelite and tourmaline. The sulphides goethite in the wear surface environment, and titanite 
are pyrite, chalcopyrite, pyrrhotite, galena and to rutile. The silver content of native gold is 1 .O-24.8 
sphalerite, and inclusions of mackinawite andcubanite wt %. Electrum with 27.0-27.5 wt % Ag was found 
in chalcopyrite. Native gold occurs as inclusions in in one sample. 
potassium feldspar, and between silicate grains 

Korpilampi 

The northernmost gold occurrence at Korpilampi 
was found in autumn of 1986. The gold mineraliza- 
tion is associated with tourmalinized intermediate 
schists intruded by pegmatitic dykes. The schist and 
the pegmatitic dykes show complicated folding and 
contain disseminated sulphides and gold is concen- 
trated at the intrusive contacs. The sulphides are 
pyrite, pyrrhotite, marcasite, sphalerite and 
chalcopyrite. Arsenopyrite occurs as euhedral grains 
in the tourmalinized biotite schist. Native gold is 

intergrown with native bismuth, galena and 
bismuthinite. In some samples the ore minerals form 
inclusions in garnet. The garnet is Mn-Fe bearing, 
resembling the garnet analysed from Korvilansuo 
deposit (see Appendix A, Table A4). The green 
tourmaline is Fe-Mg variety schorl-dravite, similar 
to other gold occurrences in Hattu schist belt, al- 
though some analyses show high Fe contents point- 
ing to the end member schorl (Appendix A, Table 
A5). 

MINERALOGY OF THE GOLD OCCURRENCES 

Ore minerals 

Sulphide minerals 

Disseminated sulphides occur in tonalites within 
shear zones, in sericite schists and in quartz-carbon- 
ate veins. They form two common ore mineral as- 
semblages: 1) molybdenite, scheelite, pyrrhotite, 
pyrite, chalcopyrite and 2) pyrite, chalcopyrite, 
cubanite, mackinawite, pyrrhotite, pentlandite, gale- 
na and sphalerite. Tellurides of Pb, Bi and Ag occur 
in the cracks of pyrite with chalcopyrite. Galena is 
not a very common sulphide, and it probably crystal- 
lized as a late phase of the mineralization. Ar- 
senopyrite is a rare mineral in the tonalites. 

The sulphides in the schists are essentially the 
same as those in the tonalites, but the abundance of 
molybdenite and pyrite is usually lower (except at 
Ward), and arsenopyrite occurs instead of pyrite. 
Gersdorffite also occurs occasionally. Tellurides of 
Bi, Pb, Fe, Ag and Au are common in all occurrences. 
Native bismuth is often associated with native gold 
and tellurides. Bismuthinite is intergrown with na- 
tive bismnth, galena and native gold in the northern- 
most deposit, Korpilampi. 

Pyrrhotite is the dominant ore mineral in the gold 
occurrences in the Hattu schist belt. Pyrrhotite shows 
a granoblastic texture under crossed polarizers and 
contains inclusions of flame-shaped pentlandite. 

Occasionally it has been altered to marcasite. 
Pyrrhotite is anhedral, but often exhibits an internal 
texture consisting of lamellae of different chemical 
composition (see Table B6, Appendix B, Fig. 2). The 
results of microprobe analyses show that the chemi- 
cal composition of pyrrhotite varies depending on 
the location. The rnicroanalytical data from Kelokorpi 
point to the coexistence of hexagonal NC pyrrhotite 
and stoichiometric FeS, troilite. Only one analysis 
has Fe 46.6 at.%, being monoclinic pyrrhotite (Kissin 
and Scott, 1982). Pyrrhotite at Kuittila has 46.5 and 
47.4 at.% Fe, corresponding to monoclinic and hex- 
agonal NC varieties of pyrrhotite, respectively. At 
Elinsuo pyrrhotite has 45.9-46.3 at.% Fe, corre- 
sponding to monoclinic pyrrhotite. Kivisuo pyrrhotite 
has 47.0-49.8 at.% Fe, suggesting intergrowth of 
hexagonal NC pyrrhotite and troilite. The Muurinsuo 
pyrrhotite has extremely low Fe content with 45.3- 
46.1 at.%, which is clearly in the field of monoclinic 
pyrrhotite. At Ramepuro, the Fe contents in pyrrhotite 
are 46.1-47.0 at.% and plot in the field of monoclinic 
pyrrhotite. Pyrrhotite contains inclusions of 
pentlandite in the form of "flames" thought to have 
exsolved from the Ni-bearing monosulphide solid 
solution at low temperatures. 

Pyrite occurs as subhedral to euhedral grains com- 
monly showing concentric zoning after a period of 
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Fig. 2. Lamellar texture in pyrrhotite intergrown with chalcopyrite (cp) and euhedral pyrite (py), oxidized in air, Kelokorpi, ddh 329, depth 34.90 
m, scalebar= 50 pm. 
Fig. 3. Zoned texture in pyrite owdized in air, Kivisuo, ddh 467, depth 13.90 m, scale bar = 100 pm. 
Fig. 4. Pyrite grain intergrown with native gold (Au) and electrum (ei), inclusions of galena, native gold and chalcopyrite, Kuittila, pit 2, scale 
bar=50 pn. 
Fig. 5. Subhedral pyrite grains encrusted in goethite and intergrown with gold (Au) grains, host rock feldspar porphyry, Ward outcrop sample, 
scale bar=100 pm. 
Fig. 6. Native bismuth (Bi) intergrown with galena (bluish grey) and pyrrhotite (po) inside cubanite (cb) - chalcopyrite (cp) between pyrite (py) 
grains, a sulphide vein in tondite, Kuittila, ddh 31 1, depth 85.50 m, scale bar400 pm. 
Fig. 7. Mackinawite (me) as inclusions in chalcopyrite (cp), Kivisuo, ddh 345, depth 132.30 m, scale bar-50 pm. 



oxidation in air (Fig. 3). This zoning may record 
successive crystal growth during metamorphic and 
hydrothermal events. Pyrite contains 0.8-2.8 wt % 
Co at Kelokorpi, 0.6-0.7 wt % Co at Kuittila, 0.04- 
0.8 wt % Co at Korvilansuo, 0.05-0.06 wt % Co at 
Kivisuo, 0.05-0.4 wt % Co at Elinsuo, 0.1-2.8 wt % 
Co at Muurinsuo, 0.05-0.1 wt % Co at Ramepuro and 
0.02-0.9 wt % Co at Ward (see Table B7, Appendix 
B). The nickel contents in pyrite are generally below 
0.1 wt %, with some exceptions at Ward. Pyrite 
contains inclusions of rutile, galena, native gold, 
electrum and chalcopyrite at Kuittila (Fig. 4), and 
native gold, electrum, calaverite, petzite and hessite 
at Ward. Native gold occasionally grows on the 
surface of pyrite (Fig. 5). 

Chalcopyrite is ubiquitous in the gold occurrences 
of Ilomantsi. It contains inclusions of mackinawite 
and anhedral sphalerite and is intimately intergrown 
with cubanite, which shows typical twinning lamel- 
lae texture (Fig. 6). Native gold was occasionally 
observed as inclusions in chalcopyrite. The gold 
content of chalcopyrite was analysed by electron 
microprobe, but the values were usually below 0.2 wt 
%, which is considered to be below the detection 
limit of the microprobe under the operating condi- 
tions used to analyze the sulphides. 

Mackinawite occurs in the fractures and borders of 
chalcopyrite. Mackinawite was analysed from the 
Kelokorpi and Kivisuo deposits, where it contains 
2.1-3.4 wt % Co and 3.7-5.4 wt % Ni (Fig. 7, Table 
B8, Appendix B). 

Pentlandite commonly occurs as "flame" inclu- 
sions in pyrrhotite (Fig. 8). It was analysed by 
microprobe from some deposits at Ilomantsi (see 
Table B9, Appendix B). The Co contents range from 
0.2 wt % at Muurinsuo to 6.1 wt % at Kivisuo. 
Argentian pentlandite was found in the Kelokorpi 
deposit intergrown with pentlandite and chalcopyrite 
(Fig. 9). Microprobe analyses on this phase have 
12.5-13.1 wt % Ag, 18.5-19.6 wt % Ni and 34.4-36.8 
wt % Fe (Appendix B, Table B9). The chemical 
composition of the argentian pentlandite found in 
Kelokorpi closely resembles compositions reported 
earlier (Vuorelainen et al., 1972, Scott and Gasparrini, 
1973, Rudashevskii et al., 1979). 

Galena is present in most deposits in small arnounts 
intergrown with other sulphides and as inclusions in 
pyrite. At Kelokorpi, galena has inclusions of native 
bismuth and at Korpilampi, it is intergrown with 
native bismuth and bismuthinite (Fig. 10). The bis- 
muth content in galena is (see Table B 10, Appendix 
B) 0.3- 1.6 wt % and the silver content up to 0.4 wt %. 

Bisrnuthinite is intergrown with native bismuth, 
galena and chalcopyrite in the Korpilampi deposit 
(Fig. 10). 

Sphalerite occurs in the Kelokorpi, Kuittila, 
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Ramepuro and Ward deposits. At Kelokorpi, it is 
intergrown with pyrite, pyrrhotite, galena and 
chalcopyrite (Fig. 11) and contains 7.4-7.7 wt % Fe. 
At Kuittila, it is associated with pyrite, chalcopyrite, 
pyrrhotite and cubanite and contains 0.3-0.6 wt % Fe. 
At Ramepuro it is intergrown with pyrrhotite and 
contains 6.9-7.1 wt % Fe (Table B 1 1, Appendix B). 
At Ward sphalerite exhibits two compositions: 1) 
iron-poor with 0.28-0.31 wt % Fe intergrown with 
galena, and 2) iron-rich with 9.4-10.0 wt % Fe 
encapsulated within pyrrhotite in pyrite (Fig. 12). 
The latter sphalerite is in equilibrium with pyrrhotite 
andpyrite, and is suitable for sphalerite geobarometry 
(Scott 1983). The iron content corresponds to 17 
mole % Fe, suggesting apressure of around 3 kb. The 
Cd content of sphalerite in the Kuittila and Ramepuro 
samples ranges from 1.1 to 3.5 wt %, but a sphalerite 
from Ward intergrown with pyrrhotite in pyrite has 
only 0.1 wt % Cd. Mn is low in all sphalerite grains 
analysed. 

Arsenic minerals 

Arsenopyrite occurs in most deposits as subhedral 
to euhedral crystals with a range of As content of 
29.9-35.1 at.% (see Table B 12, Appendix B, Fig. 13). 
The lowest values are from the cores of arsenopyrite 
grains and may represent the original crystallization 
composition. The crystallization temperatures of 
arsenopyrite can be estimated by applying the exper- 
imental results from the system Fe-As-S (Kretschmar 
and Scott, 1976). In natural arsenopyrite, the con- 
tents of Ni and Co may be considerable. When 
arsenopyrite is used as a geothermometer, all analy- 
ses that contain Ni+Co+Sb in excess of 1 % must be 
omitted (Sundblad et al., 1984). High contents of 
these elements lead to overestimation of temperature 
due to lack of appropriate solid solution models for 
systems significantly outside of Fe-As-S. Thus, a 
large number of the arsenopyrite grains analysed 
from Ilomantsi cannot be used in the interpretation of 
crystallization temperature. As deduced from the 
remaining analytical results, the temperatures for the 
deposits are: Korvilansuo 300-50O0C, Kivisuo 330- 
340°C and Muurinsuo 370-480°C. If the limit of 
Ni+Co+Sb is set at 0.2 %, as recommended by 
Sundblad et al. (1984), only a couple of analyses 
from Kivisuo are appropriate to use. These have 
30.4-30.5 at.% As and correspond to a temperature of 
around 330-340°C. The gold contents of arsenopy- 
rite are, in general, below the detection limit of the 
electron microprobe, although contents of 0.04-0.20 
wt % have been rneasured in some gold-rich samples 
(with more than 8 ppm Au). Native gold and bismuth 
tellurides are commonly intergrown on the surface of 
arsenopyrite grains (Fig. 14). 
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Fig. 8. Pentlandite (pn) inclusions in pyrrhotite (po) intergrown with chalcopyrite (cp), Kelokorpi, ddh 329, depth 135.90 m, scale b ~ 3 0  ym. 
Fig. 9. Argentian pentlandite (apn) intergrown withpentlandite (pn) and chalcopyrite (cp), Kelokorpi, ddh 329, depth 135.90 m, scale bar=30ym. 
Fig. 10. Bismuthinite (bt) intergrown with galena, chalcopyrite (cp) and native bismuth (Bi), Korpilampi, sample 23, scale bar=50 m. 
Fig. 11. Sphalerite (sp) intergrown with pynte (py), pyrrhotite (po), chalcopyrite (cp) and galena (ga). Galena has inclusions of native bismuth 
(Bi). Kelokorpi, ddh 329, depth 35.70 m, scale bar=0.5 mm. 
Fig. 12. Sphalerite (sp) intergrown withpynhotite (po) and chalcopyrite (cp) as an inclusion in pyrite (py), Ward, ddh 305, depth 45.65 m, scale 
bar=0.3 mm. 
Fig. 13. Euhedral arsenopyrite with pyrrhotire, Korvilansuo, ddh 325, depth 135.65 m, scale bar=SO pm. 
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Fig. 14. Native gold (Au) and tellurobismuthite (tb) crystallimd on the surface of an arsenopyrite grain, host rock tourmaline-quartz vein, 
Korvilansuo, ddh 325, depth 135.85 m, scale bar=50 pn. 
Fig. 15. Eulredral gersdorffite crystals, Muurinsuo, ddh 321, d q t h  79.80 m, scale ba~=30 pm. 
Fig. 16. EJectrum (el) associated with chalcopyrite (cp), cubanite (cb), pyrrhotite (po) and pyrite (py), host rock tonalite, Kuittila, ddh 31 1, depfh 
85.50 m, scale bar=100 pm. 
Fig, 17. Native silver (Ag) in chalcopynte (cp) with galena (ga) enclosed in pyrite (py), host rockaltered tonalite, Kuittila, ddh 304, depth 85.75 
m, scale bar=100 pm. 
Fig. 18. Natiw gold (Au) and molybdenite (mb) in the intergranular spaces between toiumaline grains, host rock tourmaline breccia, Kelokorgi, 
ddh 329, depth 135.10 m, scale b-50 pm. 
Fig. 19. Tellurobismuthite (tb) and native geld (Au) as inclusians in rutile (rt) altered from ilmenite (il), host rock tourmalinite, Korvilansuo, ddh 
325, depth 135.65 m. scale b-50 pm. 
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G e r s d o ~ i t e  was found in the Muurinsuo deposit 
as euhedral crystals (Fig 15.). The gersdorffite grains 
analysed have 2.4-4.0 wt % Co, 18.9-20.9 wt % Ni 
and 1 1.6-12.4 wt % Fe (see Table B 13, Appendix B). 

Native gold and silver 

In the Kuittila deposit, native gold occurs as inclu- 
sions in and intergrown with pyrite (see Fig. 4) and 
contains about 5.6-6.0 wt % Ag. Gold also occurs as 
electrum in chalcopyrite (Fig. 16) and has 37.7-46.3 
wt % Ag and 0.4-3.8 wt % Hg (Table B1, Appendix 
B). Native silver is intergrown with chalcopyrite and 
galena (Fig. 17). 

In the Kelokorpi deposit, native gold occurs with 
molybdenite in tourmaline-quartz veins (Fig. 18) and 
on the surface of arsenopyrite crystals intergrown 
with Pb and Bi tellurides. Native gold contains 12.5- 
13.8 wt % Ag in the Kelokorpi samples. 

In the Korvilansuo deposit, native gold occurs as 
inclusions in arsenopyrite, pyrrhotite and pyrite, on 
the surface of arsenopyrite (Fig. 14), intergrown with 
rutile (Fig. 19) and in intergranular spaces between 
the silicates. Native gold is often intergrown with 
tellurides and native bismuth at Korvilansuo, where 
it contains 5.8-18.1 wt % Ag. 

At Kivisuo native gold is intergrown with 
tellurobismuthite and hedleyite in a silicate matrix. It 
occurs as inclusions in ilmenite (see. Fig. 20) and is 
intergrown with pyrrhotite and arsenopyrite. It has 
1 1.6- 12.5 wt % Ag. 

In the Elinsuo samples, gold grains occur as inclu- 
sions in pyrite or intergrown with pyrite (+ tellurides, 
Fig. 21) or with tellurides in silicates (Fig. 22). It 
contains 5.7-6.5 wt % Ag in the Elinsuo samples. 

At Muurinsuo, native gold is intergrown with 
pyrrhotite (Fig. 23), pyrite, arsenopyrite (Fig. 24), 
gersdorffite and tellurides of Bi, Fe, Pb, Ni and Ag 
(Fig.25). Inone sample, it was also foundinpyrrhotite. 
The measured diameter of the gold grains ranges 
from 5 to 15 microns and they contain 1.3- 15.2 wt % 
Ag; one analysis, made from electmm intergrown 
with bismuth telluride, showed 29.7 wt % Ag (see 
Table B 1, Appendix B). 

In the Ramepuro deposit, most of the native gold 
occurs intergrown with native bismuth and hedleyite 
between silicate (quartz-tourmaline) grains (Fig 26). 
Inclusions of native gold are also common in 
pyrrhotite and pyrite. The native gold contains 5.1- 
12.2 wt % Ag. 

In the Ward deposit, native gold was found 1) on 
the surface of and as inclusions in pyrite (Fig. 5,27), 
2j  intergrown with altaite, calaverite (Fig. 28), 
frohbergite, hessite and galena (Fig. 29), 3) as inclu- 
sions in potassium feldspar, and 4) between silicate 
and carbonate grains. The Ag content ranges from 3.1 

Native bismuth 

Native bismuth was found initially in the Kuittila 
tonalite-hosted mineralization, where it occurs in 
sulphide-carbonate veins intergrown with pyrrhotite 
and galena (Fig. 6). Later, it was found in other gold 
occurrences of the Hattu schist belt, too. At Kelokorpi, 
native bismuth inclusions occur in galena, and in the 
Korvilansuo deposit native bismuth is intergrown 
with tellurides of Pb and Bi and native gold. Native 
bismuth was not found in the Kivisuo, Elinsuo and 
Muurinsuo deposits, but the Ramepuro (Rämepuro) 
deposit contains considerable amounts intergrown 
with native gold and hedleyite (Fig. 26). At Ward 
native bismuth was not found. At Korpilampi it is 
intergrown with bismuthinite and chalcopyrite (Fig. 
10). As a whole, Ilomantsi native bismuth is virtually 
pure, as the microprobe data only show small con- 
tents of Au, Hg and Fe (Appendix B, Table B2). 

Tellurium minerals 

Tellurides occur in the Kuittila tonalite as sparse 
inclusions in pyrite. Tellurides are more common in 
the schist area, where they are intergrown with 
arsenopyrite (see Fig .14,24) or occur as fine-grained 
"clouds" between the silicate grains, often intergrown 
with native gold (Fig. 30). The tellurides found in the 
Ilomantsi Au deposits (Table 2) are: hessite [Ag,Te] 
(Fig. 31), petzite [Ag,AuTe,] (Fig. 32), calaverite 
[AuTe,] (Fig. 28), altaite [PbTe] (Fig. 29, 32, 34), 
hedleyite [Bi,Te,] (Fig. 26), tellurobismuthite 
[Bi,+xTe3] (Fig. 33), an undefined bismuth telluride 
[Bi,Te,], tsumoite [BiTeJ, frohbergite [FeTe,] (Fig. 
29, 32, 33), melonite [NiTe,], rucklidgeite [(Bi,- 
Pb),Te,] (Fig. 34), volynskite [AgBiTe,] (Fig. 22), a 
thallium-bearing silver telluride [(Ag,TI),Te] (Fig.35) 
and a Au-Sb-telluride (Fig. 36). 

Table 2. Telluride minerals in gold deposits in the Hattu schist belt, 
Ilomantsi (for microprobe results see Table B14, Appendix B). 

Deposit Tellundes identified by>croprobe (EDS and WDS) 

Kelokorpi 

Kuittila 

Korvilansuo 

Kivisuo 

Elinsuo 

Muurinsuo 

Rämepuro 

Ward 

Bi,Te,, tsumoite, altaite 

Hessite, petzite, teilurobisrnuthite, aitaife, frohbergite 

Hedleyite, teilurobismuthite, tsumoite, aitaite, 
rucklidgeite, frohbergite, melonite, volynskite, hessite, 
petzite, thallian silver tellunde 

Bi,Te,, hedleyite 

Tellurobismuthite, volynskite, hessite 

Tellurobismuthite, tsumoite, altaite, rucklidgeite, 
melonite, frohbergite, petzite, hessite, volynskite 

Hedleyite 

Altaite, rucklidgeite, teiiurobismuthite, tsumoite, hessite, 
petzite, volynskite, caiaverite, frohbergite, melonite, 
undefined AuSbTe-mineral 
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Fig. 20. Ilmenire (il) with inclusion of native gold (Au) and tellurobismuthite and (tb) intergrowth with hedleyite (hd), host rock amphibolite, 
Kivisuq ddh 348, depth 54.30 m, scale bar=50 km. 
Fig. 21. An inclusion in pyrite (py) consisting of pyrrhotite (po), native gold (Au), bismuth telluride (bt) and hessite (hs), Elinsuo, ddh 33 4, depth 
76.35 m, scale bar-50 p. 
Fig. 22. Volynskite (vo), hessite (hs), tellurobismuthite (tb) and native gold (Au) in plagioclase porphyrite, Elinsuo, ddh 553, depth 70.80 m, scale 
bar=40 pm. 
Fig. 23. Native gold (Au) and tellurobismuthite (tb) intergrown with pyrrhotite (po), host rock quartz-tourmaline vein, Muurinsuo, ddh 320, depth 
27.60 m, acale har-30 km. 
Fig. 24. Native gold. (Au) as inclusions and on $he surfaee of arsenopyrite, Muurinsuo, ddh 321, depth 80.05 m, scale bar=SD km. 
Fig. 25. Tellurabismuthite (tb), tsumoite (ts), hessite [hs), frohbergite (Fr) and native gold (Au) occur between silicates in sbgared tonalite, 
Muurinsuo, ddh 320, depth 110.50 m, scale bai-100 pm. 
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rig. 26. Native bismuth (Bi) intergrown with hedleyite (hd) and native gold (Au) between tourmaline and quartz grains, Rarnepuro, ddh 20, depth 
67.95 m, scale bar=50 yrn. 
Fig. 27. Native gold (Au) and altaite (al) intergrown on the surface of pyrite (py), Ward, ddh 3 15, depth 68.50 rn, scale bar=50 ym. 
Fig. 28. Native gold (Au), calaverite (ca) and chalcopyrite (cp) as inclusions in pyrite (py), Ward, ddh 315, depth 69.25 m, scale bar=50 ym. 
Fig. 29. Native gold (Au) rirnmed with electrum (el), and intergrown with altaite (al) and frohbergite (fr). Calaverite occurs as tiny inclusions 
in frohbergite, Ward, ddh 31 5, depth 69.35 m, scale bar=50 km. 
Fig. 30. Fine-grained tellurides and native gold as a "cloud" in between silicates, Korvilansuo, ddh 327, depth 29.40, scale bar=100 yrn. 
Fig. 3 1 .  Hessite (hs) as inclusions in native gold (Au); altaite (al) has grown on the surface of native gold, Ward, ddh 315, depth 68.50 m, scale 
bar=50 wm. 
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Fig. 32. Native gold (Au) mtergrown with petzite (pt), hessite (hs), altaite (al) and frohbergite (fr), host rock tourmaline breccia, Korvilansuo, 
ddh 327, depth 29.40 m, scale bar-30 pm. 
Fig. 33. Native gold (Au) intprgrown with tellurobismuthite (tb) and frohbergite (fr), host rock tourmalme breccia, Korvilansuo, ddh 327, depth 
29.40 m, scale bar=30 pm. 
Fig. 34. Altaite (al) and nicklidgeite (m) grains in galena between pyrite grains, Ward, ddh 315, deptb 73.40 m, scale b w 4 W  pm. 
Fig. 35. ThaIlian silver Rllwide (Ag,TI&Te intergrown with hessite (hs, slightly lighter gray), tellurobismuthib (tb) aud native gold (Au), 
Korvilansuo, ddh 356, depth 81.50 m, scale b-30 pm. 
Fig. 36. A AuSbTe-miwral intergrown with altaite (al), frohbergite (fr) and native gold (Au), Ward, ddh 315, depth 71.50, scalebar=50 pm. 
Fig. 37. Molybdenite (mb)-scheelite (sch)- quartz vein in tonalite, Kuittila, ddh 302, depth 75.75 m, scaie be-1 mm. 
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Because of small grain size and similar optical 
properties many telluride minerals are practically 
impossible to identify without a microprobe. Both 
energy dispersive (EDS) and wavelength dispersive 
analysis (WDS) were used in identification. The 
microprobe (WDS) analyses (Appendix B, Table 
B 14) of these minerals typically do not correspond 
exactly to chemical compositions of ideal formulae. 
Being so small, the telluride grains suffer considera- 
ble contamination effects during analysis from adja- 
cent mineral grains. Mixtures of tellurides between 
pure end members certainly exist, as is shown in 
several samples by the presence of rucklidgeite and 
volynskite. These tellurides, as well as other mix- 
tures with less impurities of other metals (e.g. Pb, Au, 
Ag), may be considered as reaction products between 
pure tellurides. 

Lead and bismuth tellurides 

The most common tellurides in the Ilomantsi Au 
deposits are altaite and various bismuth tellurides. 
Altaite has 58.0-63.2 wt % Pb, 36.3-38.7 wt.% Te 
and small contents of Au, Ag, Fe, Hg, Sb and Bi. The 
chemical composition of altaite in Ilomantsi approx- 
imately corresponds to analytical results given by 
Anthony et al. (1990). Four different bismuth telluride 
phases were identified with the microprobe: 
tellurobismuthite, tsumoite, hedleyite and an unde- 
fined Bi,Te2. According to the microprobe data (see 
Appendix B, Table 14), tellurobismuthite has 44.8- 
56.8 wt % Bi and42.2-49.1 wt % Te with substantial 
Pb and small Au, Ag, Hg, Fe and Sb contents as 
impurities. Tsumoite contains 58.8-62.5 wt % Bi and 
35.8-39.7 wt % Te resembling roughly the results of 
Shimazaki and Ozawa (1978) with an exception of 
one analysis with 8 wt % Pb and small contents of Au, 
Hg, Fe and Sb as impurities. The undefined Bi,Te2 
has 69.2-72.2 wt % Bi and 26.9-27.9 wt % Te. 
Similarbismuth telluride has been reported by Sarkar 
and Deb (1969) from Singhbhum, India. Hedleyite 
contains 78-81 wt % Bi(+ Pb, Au, Fe) and 18-22.5 wt 
% Te, one analysis having 8.7 wt % Pb. In the type 
locality (Good Hope, Hedley, Canada), hedleyite has 
80.6 wt % Bi and 18.5 wt % Te (Anthony et al., 1990). 
Zav'yalov et al. (1977) report hedleyite analyses 
with 80.5-81.3 wt % Bi and 17.9-19.2 wt % Te. In the 
Ilomantsi deposits the bismuth tellurides often con- 
tain some Pb, Au, Hg and Fe replacing Bi. Altaite and 
bismuth tellurides are intergrown with arsenopyrite 
or occur in the intergranular spaces between silicates 
with native bismuth, native gold and other tellurides 
and sometimes with galena. 

Rucklidgeite and volynskite 

Rucklidgeite and volynskite, which were found in 

the Korvilansuo and Muurinsuo deposits, are reac- 
tion products between altaite and tellurobismuthite, 
and hessite and tellurobismuthite, respectively (Afifi 
et al., 1988a). The Ilomantsi rucklidgeite has 39.0- 
41.5 wt % Bi, 10.4-16.5 wt % Pb, 0-1.1 wt % Au, 
0.05-1.3 wt % Ag and 42.5-46.2 wt % Te, very 
similar to that analysed by Rucklidge (1969), 
Zav' yalov & Begizov (1977) andHarris et al. (1 983). 
Volynskite contains 15.5-15.8 wt % Ag, 36.0-37.1 
wt % Bi and 47.3-47.9 wt % Te. It has less Ag and 
more Bi and Te at Ilomantsi than volynskite analysed 
by Shimadaet al. (1981), Harriset a1.(1983) and Oen 
& Kieft (1984). 

Hessite and petzite 

Hessite is commonly intergrown with gold and 
other tellurides and has 57.1-63.5 wt % Ag, up to 7.1 
wt % Au and 32.8-39.5 wt % Te. Small contents of 
Hg are also present. The analysed Au and Hg con- 
tents in hessite of Ilomantsi are abnormally high in 
comparison with the results given by Shimada et al. 
(1981) or Oen & Kieft (1984). A slightly darker 
telluride (see Fig. 32) with 7-13.5 wt % Au and 48.3- 
52.1 wt % Ag was identified as petzite, although it 
contains excess Ag and is deficient in Au in compar- 
ison with published analytical results (Oen & Kieft, 
1984, Pattrick et al., 1988) and the ideal formula of 
petzite, Ag,AuTe2. The Au content, however, may 
have decreased and replaced by Ag during the elec- 
tron bombardment of the microprobe as described by 
Rucklidge and Stumpfl (1968). Thallium-bearing 
Silver telluride (Fig. 3 9 ,  foundonly in the Korvilansuo 
samples (Johansonet al., 1991), has 0.7-15.6 wt % T1 
and 47.5-59.4 wt % Ag. Gold seems to replace Ag in 
the lattice of hessite to some extent. 

Gold tellurides 

Calaverite was identified from the Ward deposit, 
where it occurs as inclusions in pyrite (Fig. 28). 
Calaverite has 35.9-40.0 wt % Au, 0.6-2.5 wt % Ag, 
0.8-2.5 wt % Fe and54.3-58.2 wt % Te. Thecalaverite 
at Ilomantsi has Au contents similar to thosereported 
by Cabri and Rucklidge (1968), but the Ag contents 
are higher in the Ward samples. The calaverite in the 
Ward samples has also rather high contents of Fe, Sb, 
and Pb, which may be caused by contamination of 
the neighbouring tellurides. An unspecified telluride 
corresponding approximately to the chemical formu- 
la AuSbTe (Fig. 36) was discovered in the Ward 
deposit. 

Frohbergite, melonite 

Frohbergite was found from the Korvilansuo, 
Muurinsuo and Ward deposits, where it occurs 
intergrown with gold, hessite, petzite and altaite 
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(Figs 29,32-33,). Frohbergite is slightly harder than 
the other tellurides and takes a better polish. It is also 
clearly anisotropic (Ramdohr 1980) and thus easier 
to identify under the microscope. According to the 
microprobe data frohbergite has 16.1-20.5 wt % Fe 
and 77.4-83.7 wt % Te, with impurities of Au, Hg, 
Sb, Pb and Bi. The idea1 FeTe, has 17.9 wt % Fe and 
82.1 wt % Te. Melonite [NiTe] was analysed by EDS 
from the Korvilansuo and Muurinsuo samples. Ow- 
ing to the very small grain size, quantitative analysis 
was not possible. 

The presence of various tellurides is a measure of 
the variation in the fugacity of Xe,. Calaverite and 
frohbergite represent the highest f ,,: whereas melonite 
and altaite are formed at lower f -(Afifi et al., 1988 
a). Most telluride minerals are thought to have formed 
at temperatures below 350°C (Afifi et al., 1988 b) or 
even below 250°C. 

Oxides 

Scheelite, which occurs with molybdenite in the 
quartz vein stockwork of the tonalite @g. 37) is also 
common in the mineralized zones of Ward. The 
molybdenite-scheelite-quartz veins probably repre- 
sent an earlier phase of ore mineralization in the 
tonalites, that contains also iron and copper sul- 
phides, but is virtually free of gold. Exceptionally, 

native gold is intergrown with molybdenite in quartz- 
tourmaline veins at Kelokorpi (Fig. 18). The results 
of scheelite analyses (Appendix B, Table B5) show 
that in some samples scheelite has 1.1-2.3 wt % 
MoO, in solid solution, indicating the presence of a 
small portion of powellite end member. In fact, due 
to this small powellite portion in scheelite, which 
results in a different fluorescence colour in UV light, 
the mineral was misidentified in the field. 

In the schist area the oxide ore minerals consist of 
ilmenite in the mica schists and rutile in the 
hydrothermally altered, mineralized sericite schists. 
Ilmenite contains 1.8-8.8 wt % MnO, and 39.8-46.3 
wt % FeO (Appendix B, Table B3), which were 
released in the hydrothermal alteration of ilmenite to 
rutile. Rutile is common in the mineralized shear 
zones, where it occurs together with sulphides, 
tellurides and native gold. It seems to be a good 
indicator of gold mineralizations. Rutile analysed 
from Korvilansuo (Appendix B, Table B4) is virtual- 
ly free of Fe, Mn, V, W, and Al. 

The only deposit where significant iron oxides, 
magnetite, hematite andgoethite are present is Ward, 
where pyrite is coated with secondary goethite (Fig. 
5) and sometimes marcasite is intergrown with 
hematite. Magnetite occurs as euhedral grains in 
ultramafic rocks. Sometimes chromite, rimmed with 
magnetite, is also present in the ultramafics of Ward. 

Gangue mineralogy 

Feldspars 

Plagioclase is the most common feldspar mineral 
in the Hattu schist belt. According to rnicroprobe 
analyses (Appendix A, Table Al), the plagioclase in 
the Kuittila tonalite is usually albite-oligoclase, which 
occurs together with Ba-bearing potassium feldspar. 
At Kelokorpi, the plagioclase in tonalite is andesine- 
oligoclase, and in mica schists andesine-labradorite. 
The mica schists at Kelokorpi also contain potassium 
feldspar. At Korvilansuo, the composition of 
plagioclase is highly variable, fluctuating between 
albite and labradorite depending on the degree of 
alteration of the host rocks. In tonalite, the plagio- 
clase is oligoclase, in quartz-plagioclase porphyry 
dykes andesine, in andesitic tuffs (partly sericitized) 
albite-labradorite and in quartz-tourmaline veins 
albite-oligoclase. Potassium feldspar was found in 
only one sample. At Kivisuo, plagioclase in mica 
schist, metagreywacke and in quartz-plagioclase 
porphyry dykes is andesine-oligoclase and in 
arnphibole schist albite-oligoclase. At Elinsuo, feld- 
spar porphyry, metagreywacke and sericite schist 

host rocks all contain andesine-oligoclase. At some 
places in Muurinsuo, the drill holes intersect tonalite 
and plagioclase porphyry, both of which contain 
andesine-oligoclase. The dorninant rock type, sericite- 
quartz-chlorite schist, contains oligoclase, infrequent- 
ly andesine. One sample of amphibolite had andesine. 
No potassium feldspar was found at Kivisuo, Elinsuo 
or Muurinsuo. At Ramepuro, the gold mineralization 
is hosted by metagreywacke, which contains altered 
grains of andesine-oligoclase. In the ore zone, in a 
tourmaline-qnartz vein, the plagioclase is albite- 
oligoclase. Potassium feldspar occurs sporadically 
(Ojala, 1988). At Ward, plagioclase is more altered 
than elswhere in the Hattu schist belt. The plagioclase 
in the mineralization zone has altered to albite or 
changed totally to potassium feldspar. Thus, the 
felsic feldspar porphyry has phenocrysts of potassi- 
um feldspar, which were probably earlier plagioclase. 
This rock type usually contains abundant carbonate 
or epidote, which may also be alteration products of 
plagioclase. 

Alteration of plagioclase is common in all gold 
deposits of Ilomantsi. The plagioclase in the miner- 
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alized zones has changed towards the albite end 
member in the hydrothermal alteration, and in the 
sericite schists to oligoclase or even albite. Common 
alteration products of plagioclase are sericite, 
saussurite and calcite. In some places, e.g. Ward, 
plagioclase has changed totally to potassium feldspar 
owing to strong potassium metasomatism. 

Micas 

Biotite is a major constituent of the mica schists 
and tonalites, which are common wall rocks in most 
of the gold deposits in the Hattu schist belt. The 
biotite is normally a pleochroic brown variety. The 
chemical composition of biotite is similar in both 
mica schists and tonalites (Appendix A, Table A3). 
Normally the biotite at Kuittila is iron rich, having 
more iron than magnesium. FeOIol is normally 14- 18 
wt %, but higher contents, up to 25.5 wt % (e.g. at 
Korvilansuo), are occasionally found. The TiO, con- 
tent is usually below 2 wt %. The Bao contents of 
biotite are normally below 0.4 wt % and V,O, con- 
tents below 0.5 wt %, although they may occasional- 
ly be higher (0.58-0.75 wt % in the Muurinsuo 
deposit). These contents are much lower than those 
reported by Harris (1 989) from the Hemlo deposit in 
Canada. Biotite is a primary mineral in the tonalites 
and schists but has often changed to chlorite and, in 
the hydrothermally altered zones, to muscovite. On 
the other hand, potassium metasomatism has pro- 
duced biotite-rich zones in the contacts of the 
ultramafics in the Ward deposit and also in the shear 
fractures of the quartz-feldspar porphyry dykes in 
Ward. Biotite is also common in mineralized zones 
with Mn-bearing garnet. This iron rich and magnesi- 
um poor biotite is metasomatic in origin. 

Chlorite 

In hydrothermal processes, some biotite has al- 
tered to chlorite and others to sericite. At Muurinsuo, 
chlorite occurs in the altered tonalites, the altered 
mica (biotite) schists, sericite schists and sericite- 
chlorite schists. In chemical composition, the miner- 
al is Mg-Fe bearing with 20-23 wt % FeO and 15-20 
wt % MgO, correspondig to the varieties ripidolite in 
Muurinsuo and Korvilansuo, and pycnochlorite- 
diapantite at Kuittila (Deer et al., 1965, see Appendix 
A, Table A6). 

Amphibole 

Although amphiboles are not common in the 
tonalite or mica schist-hosted gold mineralizations in 
Ilomantsi, some amphibole-rich horizons occur in 
the Muurinsuo deposit, and the mafic-ultramafic 
rocks in the Ward zone contain abundant amphibole. 
The amphibole at Muurinsuo is pale green and 

pleochroic in thin sections. According to microprobe 
analyses (Ojanen, 1992, pers. communication) the 
amphibole has 14.8-15.9 wt % MgO, 10.6-12.2 wt % 
CaO and 10.3-10.4 wt % FeO. The chemical compo- 
sition and optical properties point to actinolitic 
amphibole. 

Garnet 

Garnet occurs as euhedral grains in some gold 
deposits of Ilomantsi. The garnet grains, which con- 
tain inclusions of ore minerals, mostly iron sul- 
phides, were crystallized later than the ore minerals. 
The microprobe data (Appendix A, Table A4) show 
high contents of MnO, FeO and CaO, indicating a 
mixture of almandine, spessartine and grossular. 
This kind of garnet may have been produced in a 
hydrothermal system from pre-existing minerals 
through a reaction according to the following general 
formula: 

plagioclase + ilmenite + quartz 
-> garnet + rutile + titanite 

In the mica schist country rocks garnet has been 
observed, e.g. at Iso Kivijärvi, Pieni Kivijärvi, 
Kuljunki and Enonsuo. At these sites, garnet is poor 
in MnO (see Table A4, Appendix A), and its compo- 
sition is virtually almandine (O'Brien et al., 1993, 
this volume). 

The highest MnO contents analysed in the Hattu 
schist belt are from Poikapaa, where garnet has 28.8- 
28.9 wt % MnO. This has been interpreted as a sign 
of strong hydrothermal activity in the area, possibly 
indicating a massive sulphide type of deposit. Evi- 
dence of Zn-Pb-Ag sulphide mineralization at 
Poikapaa has been obtained from till geochemistry 
and from bedrock samples rich in sphalerite and 
galena. 

Carbonate 

Carbonates occur in the gold deposits of Ilomantsi 
in quartz-carbonate-sulphide veins. In the tonalite- 
hosted mineralizations at Kuittila, Kelokorpi and 
Korvilansuo the carbonate is, without exception, 
calcite, generally with less than 3 wt % 
MgO+FeO+MnO (Appendix A, Table A2). Howev- 
er, at Kivisuo and Muurinsuo, siderite occurs in 
plagioclase porphyry, whereas calcite occurs in 
sericite schists. In the chlorite schist at Muurinsuo 
there is Mg-Fe carbonate with an Mg0:FeO ratio of 
approximately 1 : 1. In the Ramepuro deposit, the 
carbonate in quartz-feldspar porphyry dykes is cal- 
cite but in quartz veins it is siderite (Ojala, 1988). At 
Ward, all the carbonate minerals analysed by 
microprobe from the mineralized rocks were calcite, 
generally with less than 3 wt % MgO+MnO+FeO. At 



Geological Survey of Finland, Special Paper 17 
Mineralogy of gold occurrences ... 

Ward, carbonate is a common constituent of the 
hydrothermally altered feldspar porphyries hosting 
the gold mineralizations. 

Talc 

Talc is a major silicate mineral in the ultramafic 
rocks of Ward. It occurs at Ward with carbonate, 
actinolitic amphibole, biotite and chlorite, all of 
which are metamorphic products of komatiitic 
ultramafic rocks. The ultramafics are wall rocks of 
the gold mineralizations in Ward deposit. 

Tourmaline 

Pleochroic green-brown tourmaline is an essential 
constituent of the tourmaline-quartz gold veins in the 
Korvilansuo, Munrinsuo, Ramepuro, Ward and 
Korpilampi deposits. Tourmaline is frequently zoned, 

and it is usually darker in the core. According to 
microprobe data (Appendix A, Table A5), tourma- 
line is Fe-Mg-bearing dravite-schorl, withFeO rang- 
ing from 5.8 wt % at Muurinsuo to 16.6 wt % (schorl) 
at Korpilampi. At Korvilansuo, the lattice constants 
determined by X-ray diffraction were 
a=15.96(0.005)A and c=7.21(0.003)Å; at Kivisuo 
a=15.99(0.005)Å and c=7.22(0.003)A, and at 
Ramepuro a= 15.96(0.01)Å and c=7.20(0.006)A. 
These cell dimensions are suggestive of the dravite 
end member of the tourmaline group (Deer et al., 
1986). According to microprobe determinations, the 
tourmaline in the Ilomantsi gold deposits has a sub- 
stantial portion of schorl end member with an excep- 
tion of the Korpilampi deposit, where the tourmaline 
is almost pure schorl. The tourmaline at Ilomantsi is 
similar to the Canadian Archean tourmaline occur- 
ring in lode gold deposits (King and Kerrich, 1989). 

DISCUSSION 

Phases of ore formation 

Separate phases of ore formation can be distin- 
guished, if the mineralizations in the Hattu schist 
belt are considered as a whole. 

The metasedimentary schists contain disseminat- 
ed sulphides that deposited in the schists 
syngenetically during sedimentation. The high nick- 
el content of the metasediments, now in pyrrhotite 
and pentlandite, suggests a sedimentary component 
of mafic to ultramafic igneous rocks. 

The molybdenum-copper-tungsten rnineralizations 
in the tonalites may be late magmatic in relation to 
their host rocks (Ramdohr, 1980), since molybdenite 

and scheelite occur not only in the quartz veins but 
also as disseminations in the tonalite. 

The sulphide-carbonate veins in tonalites and tour- 
maline-arsenide-sulphide-gold-quartz veins in the 
schists and feldspar porphyries are epigenetic, pro- 
duced by later hydrothermal fluids flowing through 
fractures and shear zones. 

In some deposits the different phases of ore forma- 
tion are localized in different fracture systems (e.g. 
Kuittila) but in others all phases are overlapping (e.g. 
Kelokorpi, Ward). 

Hydrothermal alteration 

Extensive hydrothemal alteration has changed the 
primary and metamorphic minerals in the shear zones. 
Potassium metasomatism has produced Ba-bearing 
microcline at Kuittila and Ward and muscovite in the 
metasedimentary schists. Ilmenite, which is abundant in 
metasediments, has changed to rutile in the shear zones. 
In some samples, titanite is present. Plagioclase has 
become richer in albite and in some places, it has altered 
to microcline, due to potassic metasomatism. Calcite, 
epidote and sericite have formed as alteration products 
of plagioclase. In shear zones, biotite has altered partly 
to chlorite, or entirely to muscovite (sericite). The iron 
liberated in this reaction has been sulphurized to pyrite 
or, combined with arsenic and sulphur, to arsenopyrite 
or, with boron, to tourmaline (+ magnesium). 

The metamorphic grade is mostly of greenschist 
facies in the zones of gold mineralizations. However, 
metamorphic aluminium silicates and garnet indicating 
amphibolite facies conditions have been found in a few 
country rock samples. The peak of metamorphism has 
been in amphibolite facies. The occurrence of Fe-Mn 
bearing garnets in mineralized zones is, however, con- 
sidered to be the result of metasomatic replacement of 
ilmenite and plagioclase. Although the gold 
mineralizations are clearly epigenetic and show virtu- 
ally no signs of remobilization, some metamorphic 
changes of the deposits during later Svecofennian 
orogeny are reasonable, and indicated by the isotope 
Studies (O'Brien et al., 1993, this volume). 
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Hydrothermal fluid transport and temperatures of crystallization 

The rnineralizing fluid at Ilomantsi was aqueous, 
with a salinity of 6- 1 1 wt % equivalent NaC1 and low 
CO, density (Bornhorst and Wilkin, 1993, this vol- 
ume). Gold was probably carried in the fluid as 
bisulphide, thiosulphide, thioarsenide or thiotelluride 
complexes (Romberger, 1988). The fugacity of sul- 
phur was high and that of oxygen low, as shown by 
the mineral paragenesis; no iron oxides are present, 
whereas sulphides are common. The occurrence of 
pyrite, arsenopyrite and pyrrhotite together with 
sericite-chlorite alteration in the absence of hematite 
and magnetite defines the properties of the fluid: pH 
6, log a 35-40, log a,,9-15 (Romberger, 1988). A 
decrease in sulphur activity after crystallization of 
iron sulphides could have caused the deposition of 
gold. Moreover, the gold-bearing thioarsenide and 
thiotelluride complexes may have reacted with com- 
mon metal ions (e.g. Fe, Pb, Bi) and caused deposi- 
tion of native gold. 

Some of the sulphides present in the metasediments 
were in all likehood remobilized by hydrothermal 
processes and transported into shear zones. Howev- 
er, some exogenous sulphur may also have been 
brought into the shear zones by the fluid, since pyrite 
is stable in some deposits. Arsenic is absent in the 
metasediments and is only found in the auriferous 

shear zones. Arsenopyrite crystallized at below 500°C 
in equilibrium with pyrrhotite, more seldomly with 
pyrite. Shortly thereafter, gold crystallized on the 
surface of arsenopyrite or pyrite grains. During the 
crystal growth of arsenopyrite and pyrite, some gold 
may then have become trapped as inclusions (see 
Figs. 3 ,4 ,  14, 24, 27). 

The abundance of sulphides in the gold deposits of 
Ilomantsi is fairly low, although most of the common 
Fe-Cu-Ni-Zn-Pb sulphides are present in the ore 
mineral paragenesis, including some rare phases (see 
Fig. 38). Since the crystallization of sulphides is a 
continuous process and most of the sulphides are 
"through runners", i.e. they crystallize over a wide 
temperature range, it is almost impossible to make 
exact temperature estimates on the different sul- 
phides. Some exceptions are known: cubanite is 
stable below 200°C (Cabri et al., 1973), mackinawite 
below 154°C and troilite below 139" C (Vaughan and 
Craig, 1978). However, these minerals, too, can be 
considered as products of unrnixing or phase trans- 
formation from pre-existing phases. Some of the 
sulphides may have been remobilized from the earli- 
er diagenetic sulphides present in the schists and 
recrystallized in the shear zones contemporaneously 
with arsenopyrite and pyrite or a little later. 

Paragenetic Table of Gold Ore Mineralizations in Ilomantsi 

Scheelite 

Molybdenite 

Tourmaline 
Arsenopyrite 

Pyrite 

Pyrrhotine 

Chalcopyrite 

Sphalerite 
Galena 

Bi 

Au + Ag 

Tellurides 

Pentlandite 

Cubanite 

Mackinawite 

Marcasite 

hexagonal-monocrinicr . . . troilite 1 39 O - 

bitellurides monotellurides 

Fig. 38. Paragenetic table for gold mineralization in  the Hattu schist belt, Ilomantsi. 
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Arsenopyrite and pyrite have a high tendency to form 
idiomorphic crystals and thus, the interpretation of 
their having crystallized as early phases in the bulk of 
sulphides may be wrong. On basis of textural rela- 
tions, galena and sphalerite are included among the 
latest minerals of the paragenesis. One grain of 
sphalerite intergrown with pyrrhotite in an inclusion 
in pyrite met the criteria of Scott (1983) for pressure 
determination. This sphalerite has 17 mole % FeS, 
which corresponds to a pressure of around 3 kb. 

The hydrothermal fluid also carried tellurium and 
bismuth, which formed minerals with gold, silver, 
bismuth and other metals at lower temperatures. 
Depending on the concentration of Te and Bi, 
tellurides of various metals and bismuth were formed. 
The fTC,was low during the early phases of 
mineralizations (see Fig. 38), when sulphides depos- 
ited, and increased in later phases, resulting in the 
fonnation of tellurides. During the crystallization of 
tellurides, bitellurides (e.g. calaverite, frohbergite) 
formed under high f and monotellurides (altaite, 
tsumoite) with decreasing f ,,: Finally, metal-rich 
tellurides and pure metals (Au, Bi) crystallized. It is 
not uncommon to find a telluride and a sulphide of 
the same metal, for instance, iron or lead, in the same 
sample. Native bismuth and bismuth tellurides often 
occur in the same samples, implying changes in 
fTe2 during the crystallization. The spatial differences 
in fTebetween the various deposits in Ilomantsi are 
considerable. The f,,. was highest in the Ward depos- 
it, which contains the bitellurides calaverite and 

frohbergite intergrown with altaite and gold. At 
Rämepuro, the f ,rcwas sufficient only to form hedleyite 
in equilibrium with native bismuth and native gold. 
According to experimental results (Afifi et al., 1988a), 
tellurobismuthite becomes stable below 58S°C, 
tsumoite below 540°C and hedleyite + bismuth be- 
low 266°C. Gold is mostly in native form, but at Ward 
both tellurium and gold were present in sufficient 
concentrations to form gold telluride calaverite and 
native gold. Calaverite + native gold are stable below 
447°C (Afifi et al., op. cit). In several samples native 
gold seems to have crystallized contemporaneously 
with the tellurides and native bismuth, whose melt- 
ing point is at 271.5" C (Vaughan and Craig, 1978). 
The experimental results were obtained from con- 
densed systems in evacuated silica tubes in the pres- 
ence of vapour, and thus, apressure correction should 
be made for the temperature values. According to 
Afifi et al., (1988 b), the temperature of telluride 
deposition has generally been less than 354"C, and 
typically below 250°C. Cabri (1965) gives even 
lower values of around 50°C for the final re-equili- 
bration of the native gold-hessite-petzite association. 
On a textural basis, it is clear that most of the 
sulphides and native gold crystallized after quartz in 
the intergranular spaces. As inferred from the best 
estimate for arsenopyrite deposition, 330-340" C, 
and the melting temperature of native bismuth, 27 1.5" 
C, most of the tellurides crystallized below 340" C or 
even below 250" C, as stated by Afifi et al. (1988 b). 

Mineralization processes 

The structures of the different veins in the Hattu 
schist belt and the microscopic textures of ore sam- 
ples show that the main mineralization process was 
Open space filling either in fissures and fractures of 
less altered host rocks (e.g. Kuittila tonalite), in shear 
zones in the metasediments (e.g. Korvilansuo, 
Ramepuro) or in the cavities of hydrothermally al- 
tered, porous host rocks (e.g. Ward) connected with 
strong potassium metasomatism. The microscopic 

textures of native gold, native bismuth and tellurides 
show that they crystallized as the latest phases in the 
intergranular spaces between silicates, carbonates 
and sulphides. 

In the zones of strong hydrothermal alteration, 
replacement of silicate minerals was a major process. 
Metasomatic replacement included sericitication, 
chloritization, alteration of ilmenite to rutile, and 
replacement of plagioclase by potassium feldspar. 

CONCLUSIONS 

The gold mineralizations in the Hattu schist belt in potassic alteration, silicification, carbonatization, 
occur in fractures, shear zones and cavity fillings in tourmalinization and sulphurization. The ore-form- 
tonalites, metasedimentary mica schists and quartz- ing process started with molybdenite-scheelite-quartz 
feldspar porphyry dykes. The major ore forming mineralization in the hypothermal temperature range 
process was Open space filling connected with strong followed by tourmaline-arsenide-sulphide-quartz 
hydrothermal metasomatic replacement that resulted mineralization and sulphide-carbonate-quartz min- 
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eralization. Some native gold crystallized together carbonates. The main crystallization of native gold 
with arsenopyrite and pyrite below 500" C but most and tellurides took place in the temperature range 
of it is intergrown with tellurides and native bismuth 350-250" C.  
in the intergranular spaces of silicates, sulphides and 
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Appendix A. Electron microprobe analyses of gangue minerals from gold deposits in the Hattu schist belt, Ilomantsi (Tables A 1 - A 6). 

Table A la. Average electron microprobe analyses of plagioclase from the Ilomantsi gold deposits. 

Location Rock type Sample SiO, Al,O, FeO CaO Na20 K,O 

Kuittila Tonalite R3021101.90 67.1 19.7 0.03 0.80 11.5 0.06 
Kuinila Tonalite R3091150.70 67.8 19.8 0.00 1.00 11.5 0.04 
Kuittila Tonalite R3091155.35 68.1 20.0 0.01 0.56 11.3 0.04 
Kuittila Tonalite R3091156.65 67.0 19.5 0.02 0.60 11.9 0.04 
Kuittila Tonalite R3091171.55 67.1 19.3 0.01 0.28 11.6 0.12 
Kuinila Tonalite R3091173.75 63.6 22.5 0.00 3.62 9.35 0.19 
Kuittila Tonalite M5.8184 68.2 20.4 0.03 0.38 11.8 0.07 
Kelokorpi Tonalite R329135.10 62.9 23.4 0.03 4.24 9.29 0.06 
Kelokorpi Tonalite R329145.45 70.6 18.0 0.10 3.78 6.15 0.55 
Kelokorpi Mica schist R3291111.30 60.7 25.4 0.07 6.02 8.14 0.07 
Kelokorpi Mica schist R3291135.10 61.2 24.9 0.07 5.62 8.37 0.08 
Kelokorpi Mica schist R3291136.50 61.3 25.2 0.08 5.79 8.39 0.19 
Kelokorpi Mica schist R3291138.60.2 62.8 23.9 0.02 4.86 8.75 0.07 
Korvilansuo Plag.,porphyry R 327129.60 64.8 21.8 0.02 3.10 9.81 0.09 
Korviiansuo Sencite schist R3251107.40 60.2 25.5 0.04 7.13 8.21 0.14 
Korvilansuo Mica schist R3251120.65 62.3 23.4 0.05 4.37 9.07 0.1 1 
Korvilansuo Andesitic tuff R3251129.30 60.7 25.3 0.02 6.60 7.76 0.10 
Korvilansuo Andesitic tuff R3251135.60 67.2 19.9 0.14 0.65 11.2 0.27 
Korviiansuo Andesitic tuff R3251135.85 64.3 21.9 0.03 2.49 10.4 0.05 
Korvilansuo Mica schist R3251136.50 59.1 26.3 0.09 7.56 7.01 0.05 
Korvilansuo Andesitic tuff R3251138.00 58.7 26.3 0.12 7.46 6.85 0.06 
Korviiansuo Plag.porphyry R3251140.40 63.6 23.3 0.00 3.91 9.53 0.06 
Korvilansuo Qrtz. tourm. rock R355194.55 66.0 21.3 0.04 1.93 11.2 0.10 
Korvilansuo Qrtz. tourm. rock R355197.25 59.7 25.4 0.02 7.29 7.78 0.12 
Korvilansuo Qrtz. tourm. rock R355199.35 58.2 26.0 0.04 7.44 7.91 0.15 
Korvilansuo Qrtz. tourm. rock R356180.70 58.8 25.1 0.03 6.58 8.17 0.07 
Korvilansuo Qrtz. towm. rock R356182.00 59.6 24.3 0.02 5.83 8.64 0.06 
Korvilansuo Qrtz. towm. rock R356188.05 60.7 23.3 0.07 4.62 9.62 0.17 
Kivisuo Mica schist R344141.60 67.4 20.1 0.05 0.89 11.8 0.08 
Kivisuo Plag. porphyry R3441143.10 63.5 22.7 0.05 3.66 9.79 0.08 
Kivisuo Mica schist R3451118.90 60.1 24.5 0.05 5.45 8.95 0.09 
Kivisuo Meta greywacke R3451132.30 61.2 25.3 0.08 6.36 7.87 0.08 
Kivisuo Plag. porphyry R34618.60 58.0 26.1 0.03 7.58 7.40 0.10 
Kivisuo Amphibok schist R349134.85 62.0 22.9 0.10 4.34 9.54 0.10 
Kivisuo Quartz vein M386422K1 63.8 21.8 0.05 5.55 7.18 0.06 
Elinsuo Plag. porphyry R353137.95 61.7 24.7 0.04 6.07 8.10 0.03 
Elinsuo Plag. porphyry R353fl0.80 61.4 25.0 0.01 5.56 8.26 0.08 
Elinsuo Qrtz. mwm. rock R353fl7.50 61.0 23.9 0.03 5.42 8.39 0.06 
Elinsuo Qrtz. tourm. rock R353181.70 61.8 24.3 0.10 5.37 9.24 0.10 
Muunnsuo Tonalite R32016.00 58.8 25.1 0.01 6.84 7.55 0.07 
Muurinsuo Sen. chlor. schiit R320126.50 60.9 24.6 0.14 5.98 8.65 0.06 
Muunnsuo Sen. chlor. schist R320127.60 59.8 23.9 0.04 5.03 9.74 0.08 
Muunnsuo Sen. chlor. schist R320127.85 60.9 24.1 0.16 5.69 9.02 0.05 
Muurinsuo Sen. chlor. schist R320131.30 60.3 23.6 0.12 6.02 7.96 0.05 
Muurinsuo Sen. chlor.schist R320134.30 61.0 24.7 0.06 6.48 8.35 0.07 
Muurinsuo Sen. chlor. schist R320134.50 61.3 24.2 0.19 5.99 8.19 0.06 
Muurinsuo Sen. chlor. schist R320141.15 61.0 23.8 0.05 5.92 8.06 0.05 
Muurinsuo Mica schist R320146.50 62.0 23.0 0.03 5.34 8.69 0.09 
Muurinsuo Plag. porphyry R320159.30 59.9 24.6 0.03 6.93 7.49 0.05 
Muurinsuo Plag. porphyry R321113.80 59.7 25.5 0.02 6.70 8.31 0.08 
Muurinsuo Sen. schist R321136.80 59.4 25.0 0.18 6.40 8.24 0.07 
Muurinsuo Chlor. schiit R321137.90 61.4 24.0 0.15 5.54 8.66 0.18 
Muurinsuo Qnz. fspar. schist R321140.30 63.1 22.7 0.02 3.86 9.71 0.03 
Muurinsuo Qrtz. fspar. schist R321155.60 67.3 20.3 0.00 0.57 12.4 0.04 
Muurinsuo Amphibok schist R321fl9.50 56.3 27.7 0.09 8.89 6.51 0.04 
Muunnsuo Plag. porphyry R321190.00 59.5 25.2 0.04 6.42 8.47 0.07 
Muurinsuo Tonalite R3211142.20 58.6 26.8 0.02 7.50 7.57 0.05 
Ward Fspar. schist R305150.10 67.3 19.8 0.08 0.07 11.7 0.07 
Ward Fspar. schiit 9/KRKl9 1 68.3 20.4 0.08 0.22 11.3 0.05 
Ward Fspar. schist 2/KRK/9 1 67.6 19.9 0.00 0.11 11.2 0.03 
Ward Fspar. schist 15KRW91 67.2 20.5 0.06 0.34 11.4 0.06 

Table A lb. Average electron microprobe analyses of potassium feldspar fmm the Ilomantsi gold deposits. 
- 

Location Sample SiO, A1,0, FeO CaO N h 0  K20 Bao Total n 

Kuittila R302/101.90 63.4 18.5 0.01 0.00 
Kuittila R3091150.70 64.4 18.6 0.02 0.01 
Kuittila R3091155.35 64.5 18.7 0.03 0.02 
Kuittila R3091156.65 64.2 18.4 0.08 0.02 
Kuittila R3091165.75 64.6 18.7 0.04 0.01 
Kuittila R3091171.55 63.6 18.5 0.02 0.00 
Kuittila R3091173.75 64.2 18.1 0.02 0.01 
Kelokorpi R3291111.30 65.0 18.5 0.11 0.01 
Kelokorpi R3291136.50 65.3 18.8 0.24 0.00 
Korvilansuo R3251107.40 64.2 19.1 0.05 0.00 
Korvilansuo R355199.35 64.2 18.3 0.17 0.00 
Ward R305150.10 62.4 19.0 0.07 0.00 

Total 
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Table A 2. Electron microprobe analyses of carbonate from the Ilomantsi gold depsits. 

Location Sample CaO MgO FeO MnO Location 

Kuittiia 
Kuittila 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittiia 
Kui$a 
Kui$a 
Kuimla 
Kuittiia 
Kuittila 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittila 
Kuittiia 
Kuittiia 
Kuittila 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittiia 
Kuittila 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 

Kowiiansuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 

Sample 

R327128.70 
R327128 -70 
R327128.70 
R3441143.1 
R3441143.1 
R3441143.1 
R3441143.1 
R34618.60 
R34618.60 
R34618.60 
R320159.30 
R320159.30 
R320159.30 
R320180.80 
R320180.80 
R320180.80 
R320180.80 
R320180.80 
R320180.80 
R3201110.50 
R3201110.50 
R3201110.50 
R3201110.50 
R3201110.50 
R3201110.50 
R321137.90 
R321137.90 
R321137.90 
R321137.90 
R321137.90 
R321179.50 
R321179.50 
R321179.50 
R321179.50 
R321179.50 
21KRK/91 
21KRW91 
21KRW91 
91KRK/91 
91KRW91 
91KRW91 
91KRK/91 

CaO MgO FeO MnO 

Table A 3a. Electron microprobe analyses of biotiie from the Ilomantsi gold deposits. 

Location Sample S i 4  TiO, A1,03 FeO MnO MgO CaO Na20 K20 Bao Total 

n.d. = not determined 
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Table A 3b. Electron microprobe analyses of muscovite from the Ilomantsi gold deposits. 

Location Sample 

Kuittila 
Kuittila 
Kuittila 
Kuinila 
Kuittila 
Kuittiia 
Kuittila 
Kuittila 
Kuittiia 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittiia 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuinila 
Kuittila 
Kuittila 
Kuittiia 
Kuittila 
Kuittila 
Kuittila 
Kui*a 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Korviiansuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muusinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Munrinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muutinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsno 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 

Res. dyke 3 
Res. dyke 3 
M5.8184 
M8.1A184 
M8.1At84 
R304185.75 
R308146.58 
R308146.58 
R3091150.70 
R3091150.70 
R3091150.70 
R3091150.70 
R3091155.35 
R3091155.35 
R3091156.65 
R3091156.65 
R3091156.65 
R3091156.65 
R3091165.75 
R3091165.75 
R3091165.75 
R3091171.55 
R3091171.55 
R3091171.55 
R3091173.75 
R3091173.75 
R3091173.75 
R3091173.75 
R3101144.20 
R3101144.20 
R3251123.50 
R3251134.80 
R3251135.60 
R3251135.60 
R3251135.85 
R32016.00 
R32016.00 
R320126.15 
R320126.15 
R320126.15 
R320126.15 
R320126.15 
R320126.50 
R320126.50 
R320126.50 
R320126.50 
R320126.50 
R320126.50 
R320127.20 
R320127.20 
R320127.20 
R320127.20 
R320127.20 
R320127.20 
R320127.60 
R320127.60 
R320127.60 
R320127.60 
R320127.60 
R320127.60 
R320127.85 
R320127.85 
R320127.85 
R320127.85 
R32013 1.30 
R32013 1.30 
R320131.30 
R32013 1.30 
R32013 1.30 
R320131.30 
R32013 1.30 
R32013 1.30 
R320134.50 
R320134.50 
R320134.50 
R320134.50 
R320134.50 
R320134.50 
R32014 1.1 5 
R320141.15 
R320141.15 
R320141.15 
R320141.15 
R320146.50 
R320146.50 
R320146.50 
R320146.50 

TiO, A1,0, 

0.51 30.7 
0.36 31.6 
0.37 31.3 
0.42 31.3 
0.69 30.8 
0.01 30.6 
0.17 30.4 
0.08 30.6 
0.59 32.3 
0.57 30.7 
0.63 32.0 
0.59 29.8 
1.37 31.8 
1.14 33.0 
0.52 32.0 
0.47 32.4 
0.47 32.6 
0.54 29.7 
0.33 31.4 
0.23 29.7 
0.33 31.6 
0.39 31.2 
0.41 31.2 
0.38 31.0 
0.05 31.9 
0.42 32.1 
0.00 32.9 
0.35 33.0 
0.76 31.4 
0.72 31.1 
0.34 36.3 
0.00 36.0 
0.22 33.4 
0.36 32.3 
0.43 33.4 
0.44 35.2 
0.70 33.7 
0.37 34.6 
0.54 35.4 
0.40 35.9 
0.51 37.0 
0.42 36.5 
0.58 36.5 
0.37 36.2 
0.36 35.3 
0.32 36.7 
0.39 35.2 
0.39 35.3 
0.34 35.0 
0.52 36.7 
0.53 35 2 
0.35 36.3 
0.66 36.7 
0.37 35.4 
0.70 34.9 

FeO 

3.47 
3.53 
4.01 
3.30 
3.40 
2.64 
3.98 
4.68 
2.04 
2.20 
2.40 
2.06 
1.88 
2.27 
2.07 
2.14 
2.05 
2.10 
2.01 
2.12 
1.99 
1.85 
1.67 
1.74 
1.40 
1.59 
1.48 
1 .55 
3.42 
3.48 
1.40 
0.33 
1.69 
2.53 
1.96 
1.65 
2.20 
1.60 
1.63 
1.62 
1.60 
1.56 
1.67 
1.65 
1.71 
1.73 
1.48 
1.46 
1.43 
1.63 
1.54 
1.46 
1.49 
1.57 
1.72 
1.74 
1.79 
1.59 
1.63 
1.47 
1.60 
1.66 
1.56 
1.60 
1.31 
1.07 
1.08 
1.26 
1.14 
1.24 
1.16 
1.32 
1.13 
1.21 
1.23 
1.21 
1.20 
1.03 
1.22 
1.23 
1.39 
1.36 
1.21 
1.23 
1.14 
1.17 
1.15 

CaO 

0.00 
0.02 
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.03 
0.04 
0.00 
0.04 
0.02 
0.00 
0.01 
0.03 
0.02 
0.05 
0.00 
0.00 
0.02 
0.01 
0.00 
0.00 
0.00 
0.02 
0.00 
0.00 
0.00 
0.00 
0.09 
0.00 
0.01 
0.01 
0.04 
0.00 
0.04 
0.00 
0.01 
0.02 
0.02 
0.00 
0.02 
0.02 
0.00 
0.00 
0.02 
0.00 
0.00 
0.00 
0.00 
0.03 
0.02 
0.02 
0.07 
0.02 
0.02 
0.00 
0.01 
0.04 
0.03 
0.00 
0.08 
0.03 
0.01 
0.00 
0.00 
0.00 
0.00 
0.01 
0.00 
0.01 
0.00 
0.01 
0.02 
0.00 
0.00 
0.01 
0.00 
0.00 
0.01 
0.00 
0.03 
0.01 
0.00 
0.01 

Total 

98.02 
98.87 
96.49 
95.96 
96.09 
95.56 
96.04 
95.74 
96.77 
96.08 
95.43 
95.93 
96.30 
98.37 
94.49 
95.91 
93.96 
96.38 
95.76 
94.83 
97.33 
95.01 
96.03 
92.54 
94.16 
94.50 
95.82 
96.41 
97.81 
97.52 
97.21 
98.63 
95.93 
95.97 
96.17 
95.78 
95.55 
97.34 
96.39 
94.90 
96.87 
96.83 
96.36 
97.99 
96.27 
98.61 
96.50 
96.54 
96.86 
97.19 
97.09 
96.99 
99.15 
97.99 
94.44 
96.02 
96.65 
98.82 
95.03 
98.71 
97.16 
95.50 
95.79 
96.60 
98.70 
96.82 
95.46 
96.82 
97.01 
97.31 
98.25 
95.99 
95.49 
97.98 
96.44 
98.71 
97.99 
95.39 
94.60 
98.33 
97.45 
98.15 
96.66 
94.92 
95.17 
96.60 
95.65 
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App. A, contd. 

Table A 4. Electron microprobe analyses of garnet from the Ilomantsi gold deposits. 

Location Sample Si02 A1,0, TiO, FeO MgO MnO CaO Total X A ~  XP~F Xsps X G ~  

Korvilansuo 
Korvilansuo 
Korvilansuo 
Kowiiansuo 
Korvilansuo 
Kowiiansuo 
Korviiansuo 
Kowilansuo 
Kowiiansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvlansuo 
Korvlansuo 
Korvilansuo 
Korviiansuo 
Korviiansuo 
Ward 
Muurinsuo 
Muunnsuo 
Poikapää 
Poikapää 
Iso Kivijärvi 
Iso Kivijärvi 
Kuljunki 
Kuljunki 
Enonsuo 
Enonsuo 
Pieni Kivijärvi 
Pieni Kivijärvi 

Table A 5. Electron microprobe analyses of tourmaliie from the Ilomantsi gold deposits. 
A fixed B203 =12 wt.% has been used for the correction calculations. 

SiO, Ti02 Al,O, FeO 

36.8 1.07 29.8 7.27 
36.3 1.03 30.1 7.95 
37.0 0.28 32.6 6.34 

MnO 

0.11 
0.07 
0.04 
0.05 
0.05 
0.06 
0.05 
0.02 
0.03 
0.05 
0.06 
0.04 
0.03 
0.08 
0.00 
0.06 
0.06 
0.01 
0.03 
0.04 
0.01 
0.06 
0.32 
0.00 
0.29 
0.23 
0.33 
0.28 
0.17 
0.06 
0.00 
0.01 
0.19 
0.05 
0.03 
0.25 
0.08 
0.06 
0.09 
0.03 
0.13 
0.17 
0.08 
0.13 
0.02 

Total 

84.84 
85.17 
84.64 
84.22 
84.65 
85.48 
86.34 
88.63 
87.03 
84.46 
85.37 
85.95 
85.97 
86.40 
83.58 
83.96 
88.03 
86.21 
87.28 
88.07 
83.44 
83.82 
85.62 
86.49 
86.64 
86.70 
87.77 
86.30 
85.51 
86.48 
85.18 
86.31 
86.25 
85.85 
84.81 
86.45 
87.64 
88.16 
88.56 
88.25 
86.86 
86.94 
84.43 
84.91 
84.41 

Remarks 

center 
center 
rim 
center 
center 
center 
rim 
rirn 
center 
rim 
rim 
center 
rim 
rim 
center 
center 
center 
center 
rim 
center 

Location Sample 

Korvilansuo 
Kowiiansuo 
Korviiansuo 
Korviiansuo 
K O N ~ ~ ~ ~ S U O  
Korvilansuo 
Korvilansuo 
Konriiansuo 
Korvilansuo 
K O N ~ ~ ~ ~ S U O  
Kowiiansuo 
Kowiiansuo 
Kowilansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Kowilansuo 
Kowiiansuo 
Kowiiansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Kowiiansuo 
Kowiiansuo 
Kowiiansuo 
Kowiiansuo 
Korvilansuo 
Korvilansuo 
Kowiiansuo 
Korvilansuo 
K O N ~ ~ ~ ~ S U O  
Kowiiansuo 
Kowiiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Kowiiansuo 
Korvilansuo 

incl. in pyrrhot. 

incl. in pyrrhot. 

nm 
center 
center 
center 

rim 
center 
homog. grain 
homog. grain 

homog. grain 
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App. A, coni 

Table A 5 cc 

Location 

:d. 

mt. 

Sample SiO, TiO, A1,03 FeO MnO MgO CaO Na,O 

Korvilansuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
Korviiansuo 
Kowiiansuo 
Korviiansuo 
Kowiiansuo 
Korvilansuo 
Korviiansuo 
Korviiansuo 
Korviiansuo 
Korviiansuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
W ard 
Ward 
Ward 
Ward 
Korpilampi 
Korpilampi 
Korpilampi 
Korpilampi 
Korpilampi 
Korpilampi 

Total Remarks 

86.01 homog. grain 
86.97 center 
86.84 rim 
87.22 
85.88 homog. grain 
84.16 homog.grain 
86.15 
86.24 
88.05 
86.40 
86.77 
87.54 
87.77 
83.54 
83.82 
85.19 
84.84 
83.26 homog. grain 
84.87 homog. grain 
85.07 
84.05 homog. grain 
83.07 homog. grain 
83.44 homog. grain 
83.94 homog. grain 
83.30 homog. grain 
84.19 homog.grain 
85.52 homog. grain 
83.49 
84.33 
84.82 
83.55 
84.06 
84.37 
84.46 
85.14 
83.07 
85.16 with pyrrhot. 
85.70 incl. in pyrrhot. 
82.83 
82.29 
83.93 
84.02 
85.29 
85.21 
85.27 
84.72 
83.72 
83.50 
85.36 
84.73 center 
84.66 
84.88 rim 
86.18 
84.18 
84.17 
84.90 
84.98 center 
87.62 
84.81 rim 
88.02 center 
87.57 center 
85.95 rim 
85.89 rim 
89.10 

n.d.: not detemined 
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App. A, contd. 

Table A 6. Electron microprobe analyses of chlonte from Ilomantsi gold deposits. 

Location Sample 

R3251135.85 
R3251135.85 
R3251136.50 
R3091150.70 
R3091150.70 
R3091150.70 
R3091156.65 
R3091156.65 
R3091171 .55 
R3091171.55 
R32016.00 
R32016.00 
R32016.00 
R320126.15 
R320126.15 
R320126.15 
R320126.15 
R320126.50 
R320126.50 
R320126.50 
R320127.20 
R320127.20 
R320127.20 
R320127.60 

SiO, TiO, A1,0, FeO MnO CaO MgO V,O, Total 

Korvilansuo 
Kowilansuo 
Kowiiansuo 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muunnsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 
Muunnsuo 
Muunnsuo 
Muunnsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 
Muurinsuo 
Muunnsuo 

n.d. : not detr 
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Appendix B. Hectron microprobe analyses of ore minerals from gold deposits in the Hattu schist belt, Ilomantsi (Tables B 1 - B 14). 

Tabk B 1. Elec 

Location 

Kuittila 
Kuittila 
Iluittila 
Kuittila 
Kelokorpi 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Kowilansuo 
K O N ~ ~ ~ ~ S U O  
Korvilansuo 
Korvilansuo 
Korvilansuo 
Eowilansuo 
KorviIansuo 
Korvilansuo 
Karvilansuo 
Kowilansuo 
Kowilansuo 
Korvilansuo 
Korvilansuo 
K O N ~ ~ ~ ~ S U O  
Kivisuo 
Elinsuo 
Elinsuo 
Elinsuo 
Muurinsuo 
Muurinsuo 
Muwinsuo 
Muurinsuo 
Muuruisuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Rsmepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rameplrro 
Rämepuro 
Rtiznepuro 
Rämepuro 
Rämepuro 
Rtmepuro 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 

n.d.: not detern 

:uon microprobe 

Sample 

R3111144.20 
R3111144.20 
R311175.35 
R311175.35 
R3291135.10 
R3551100.30 
R3551100.30 
R355194.70 
R355194.70 
R355194.70 
R355199.35 
R356180.05 
R356181.50 
R356181.50 
R35618 1.50 
R35618 1.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R356181.50 
R3251135.85 
R327129.60 
R3251135.65 
R3251135.65 
R348154.30 
R353l70.80 
R353170.80 
R354176.35 
R320127.60 
R320127.60 
R320127.60 
R3201110.50 
R321137.60 
R321178.00 
R321178.00 
R321178.00 
R338186.15 
R341133.40 
R341133.40 
R13140.20 
R13140.20 
R 13140.20 
R13140.20 
R81151.35 
R1138.30 
R1138.30 
RlM8.30 
R1138.30 
RlM8.30 
R20167.95 
R20167.95 
R305150.35 
Ku17881 
R304146.25 
R304146.25 
R304146.25 
R304t46.25 
R307147.60 
R307147.60 
R305145.65 
R305145.65 
R305149.40 
R305149.40 
R305149.40 
R305149.40 
R305149.40 

analyses I ~f native gold and electrum from the 

Ag Bi Te Hg 

5.85 0.13 0.00 0.92 
5.55 0.18 0.00 0.03 
45.1 0.26 0.07 3.78 
46.3 0.12 0.08 3.33 
13.8 0.35 0.00 0.00 
6.35 0.32 0.03 0.00 
14.1 0.22 0.00 0.73 
13.9 0.34 0.00 0.14 
15.6 0.16 0.09 0.34 
14.1 0.00 0.00 0.38 
16.9 0.14 0.00 0.22 
17.6 0.27 0.09 0.29 
5.81 0.47 0.02 0.00 
5.94 0.18 0.00 0.25 
5.96 0.00 0.00 0.05 
6.56 0.33 0.03 0.55 
6.71 0.22 0.02 0.00 
8.84 0.34 0.03 0.23 
9.19 0.11 0.10 0.00 
9.41 0.20 0.04 0.25 
10.8 0.34 0.00 0.64 
10.9 0.26 0.12 0.00 
11.1 0.16 0.11 0.00 
13.1 0.34 0.01 0.39 
13.6 0.43 0.07 0.03 
13.8 0.05 0.00 0.46 
13.8 0.18 0.00 0.00 
8.81 0.36 0.05 0.00 
6.82 0.31 0.03 0.41 
8.44 0.18 0.02 0.28 
7.94 0.13 0.06 0.00 
12.5 0.34 0.05 0.00 
6.53 0.15 0.00 0.07 
6.32 0.30 0.02 0.00 
5.76 0.57 0.09 0.41 
5.06 0.46 0.04 0.00 
4.49 0.09 0.00 0.06 
4.57 0.31 0.00 0.32 
29.7 0.32 0.14 0.08 
8.08 0.07 0.00 0.00 
4.40 0.03 0.00 0.29 
4.68 0.31 0.00 0.15 
4.63 0.22 0.02 0.29 
15.2 0.10 0.06 0.00 
6.20 0.16 0.00 0.02 
5.76 0.42 0.00 0.00 
10.1 0.05 0.09 0.17 
0.36 0.00 0.01 0.00 
10.5 0.12 0.02 0.72 
10.5 0.23 0.00 0.17 
8.87 0.31 0.00 0.00 
5.66 0.23 0.03 0.33 
8.25 0.38 0.00 0.00 
12.1 0.16 0.01 0.45 
10.9 0.50 0.1 1 0.34 
7.63 0.26 0.00 0.00 
5.09 0.00 0.07 0.00 
0.04 0.52 0.00 0.17 
10.1 0.17 0.00 0.37 
6.42 0.39 0.02 0.36 
18.6 0.13 0.00 0.00 
14.9 0.42 0.00 0.95 
27.0 0.42 0.12 0.00 
27.5 0.33 0.10 0.19 
4.63 0.20 0.00 0.00 
4.68 0.14 0.00 0.18 
19.2 0.07 0.08 0.11 
24.8 0.14 0.04 0.71 
6.12 0.16 0.00 0.00 
3.19 0.33 0.00 0.68 
3.08 0.25 0.00 0.46 
3.18 0.10 0.12 0.00 
10.8 0.13 0.00 0.06 
0.98 0.32 0.03 0.23 
1.10 0.22 0.00 0.00 

Ilomanti 

Cu 

0.08 
0.03 
0.06 
0.02 
0.00 
n.d. 
n.d. 
11.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
0.02 
0.14 
0.20 
0.03 
0.01 
0.1 1 
0.07 
0.01 
0.00 
0.02 
0.01' 
0.00 
0.04 
0.00 
0.02 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

;i gold deposits. 

Fe Sb Pb -Se Total 

0.74 0.00 n.d. n.d. 99.82 
0.93 0.00 n.d. n.d. 99.12 
0.81 0.00 n.d. n.d. 99.58 
0.97 0.00 n.d. n.d. 98.12 
0.16 0.00 n.d. n.d. 96.51 
0.03 0.00 0.40 n.d. 98.73 
0.01 0.09 0.00 n.d. 100.15 
0.18 0.01 1.47 n.d. 98.84 
0.22 0.00 0.00 n.d. 99.21 
0.10 0.00 0.07 n.d. 98-55 
0.23 0.02 0.83 n.d. 97.14 
0.87 0.05 3.58 n.d. 100.45 
0.00 0.00 0.72 n.d. 102.62 
0.00 0.00 0.44 n.d. 99.81 
0.00 0.00 0.71 n.d. 101.12 
0.07 0.00 0.68 n.d. 101.22 
0.04 0.13 0.28 n.d. 99.80 
0.00 0.00 0.99 n.d. 100.03 
0.00 0.08 0.24 n.d. 99.82 
0.01 0.00 0.71 n.d. 100.12 
0.16 0.00 1.56 n.d. 98.70 
0.27 0.00 0.27 n.d. 100.22 
0.15 0.00 0.00 n.d. 100.52 
0.00 0.08 0.69 n.d. 100.11 
0.01 0.00 0.34 n.d. 101.28 
0.02 0.00 0.00 n.d. 99.73 
0.06 0.00 0.00 n.d. 98.94 
0.16 0.02 0.49 n.d. 99.29 
0.00 0.02 0.00 n.d. 100.49 
0.01 0.00 0.00 n.d. 97.93 
0.11 0.01 0.37 n.d. 99.32 
0.88 0.00 n.d. n.d. 100.19 
0.04 0.00 n.d. n.d. 97.53 
0.05 0.00 n.d. n.d. 99.19 
1.69 0.00 n.d. n.d. 97.05 
0.13 0.00 n.d. n.d. 99.40 
0.12 0.00 n.d. n.d.101.87 
0.17 0.00 n.d. n.d. 100.64 
0.21 0.00 n.d. n.d. 97.36 
0.15 0.00 n.d. n.d. 99.60 
0.03 0.00 n.d. n.d. 101.47 
0.05 0.00 n.d. n.d. 99.70 
0.04 0.00 n.d. n.d. 98.60 
0.87 0.00 n.d. n.d. 99.47 
0.20 0.10 n.d. n.d. 99.68 
0.10 0.04 n.d. n.d.100.34 
0.09 0.03 0.00 0.83 100.36 
0.05 0.00 0.29 0.74 100.35 
0.09 0.00 0.16 1.00101.11 
0.19 0.00 0.20 0.71 98.50 
0.07 0.08 0.00 1.12 96.65 
0.00 0.00 0.63 0.60 100.28 
0.05 0.05 0.00 0.69 99.42 
0.03 0.03 0.60 0.37 99.75 
0.00 0.00 0.37 0.00 100.42 
0.09 0.01 0.09 0.09 99.47 
0.12 0.00 0.00 0.06 99.64 
0.00 0.00 0.00 0.00 97.33 
0.75 0.00 0.41 0.67 100.77 
0.51 0.00 0.20 0.70 101.60 
0.04 0.04 1.34 0.32 99.67 
1.02 0.00 1.11 0.44 98.74 
1.48 0.04 0.00 0.94 101.30 
1.43 0.00 1.34 1.03 101.52 
0.16 0.00 0.00 1.19 100.98 
0.21 0.02 0.86 1.04100.23 
0.65 0.00 1.40 0.52 97.73 
0.62 0.06 0.72 0.61 97 00 
0.21 0.01 0.00 1.02 9912 
0.19 0.00 0.07 1.10 99.66 
0.06 0.06 1.52 0.92 99.95 
0.00 0.04 1.89 0.68 98.41 
0.12 0.00 1.74 0.51 99.06 
0.21 0.06 0.25 1.13 101.01 
0.00 0.00 1.00 0.90 101.02 
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Table B 2. Electron microprobe analyses of native bismuth from the Ilomantsi gold deposits. 

Location Sample n Au Bi Hg Fe Sb Pb Total 

Kelokorpi R329135.7 3 0.11 99.8 0.07 0.25 0.06 0.00 100.29 
R-epuro R1138.30 12 0.08 99.2 0.15 0.11 0.01 0.09 99.64 
Rämepuro R81134.98 4 0.13 98.3 0.21 0.52 0.00 0.22 99.38 
Rämepuro R81151.35 1 0.00 101.2 0.34 0.26 0.00 0.00 101.80 
M e p u r o  R13140.20 2 0.00 99.4 0.07 0.03 0.00 0.00 99.50 
Rämepuro R20167.95 5 0.03 99.2 0.29 0.14 0.01 0.06 99.73 

n,d. = not determined 
n = nurnber of analyses 

Table B 3. Electron microprobe analyses of xutiie from the Ilomantsi gold deposits. 

Location Sample SiO, TiO, WO, A120, V,O, FeO MnO Total 

Kowiiansuo 
Komiiansuo 
Kowilansuo 
Komilansuo 
Kowilansuo 
Kowilansuo 
Komilansuo 
Komiiansuo 
Komiiansuo 
Komilansuo 
Kowiiansuo 
Kowilansuo 
Kowilansuo 
Kowiiansuo 
Kowiiansuo 
Kowiiansuo 
Kowiiansuo 
Kowiiansuo 
Kowilansuo 
Kowilansuo 
Kowiiansuo 
Kowilansuo 
Kowilansuo 
Kowilansuo 
Kowiiansuo 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokopi 
Kelokorpi 
Muurinsuo 
Muwinsuo 
Muwinsuo 
Muwinsuo 
Muwinsuo 
Muwinsuo 
Muurinsuo 
Muwinsuo 
Kivisuo 
Kivisuo 
Kivisuo 
Elinsuo 
Ward 

0.11 
0.01 
0.03 
0.02 
n.d. 
0.00 
0.00 
0.00 
n.d. 
0.06 
n.d. 
n.d. 
n.d. 
0.04 
0.00 
0.03 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n d .  
n.d. 
0.00 
0.02 
0.00 
0.01 
0.00 
0.00 
0.00 
0.01 
0.08 
0.03 
0.03 
0.00 
0.03 

n.d.: not determined 
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Table B 4. Electron rnicroprobe analyses of ilmenite from the Ilomantsi gold deposits. 

Location Sample SiO, TiO, A1,03 Cr203 FeO MnO MgO CaO ZnO Total 

Korviiansuo 
Korviiansuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 

Table B 5. Electron microprobe analyses of scheelite from Ilomantsi gold deposits. 

Location Sample W 0 3  MoO, CaO FeO MnO PbO Total 

Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuinila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuittila 
Kuinila 
Kuittila 

R311185.80 
R311185.80 
R311185.80 
R311185.80 
R311185.80 
R302J75.75 
R302J75.75 
R302J75.75 
R302J75.75 
R302i75.75 
R302i75.75 
R302J75.75 
R302175.75 
Pit no. 3 

Kuittila Pit no. 3 
Kuittila Pit no. 3 
Kuinila Pit no. 3 
Kivisuo R346t7.85 
Kivisuo R34647.85 
Kivisuo 134617.85 
Kivisuo R34647.85 
Ward R305147.15 
Ward R305147.15 
Ward R305147.15 
Ward R305147.15 
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Table B 6. Electron microprobe analyses of pyrrhotite from the Ilomantsi gold deposits. 

Eocation sam~le  S Fe Ni Cu Co As Total 

Kuittila R311185.80 39.6 60.2 0.00 0.49 0.08 0.00 100.36 
Kuittila R311185.80 38.3 60.2 0.01 0.06 0.06 0.00 98.59 
Elinsuo R353170.80 39.7 58.5 0.01 0.03 0.04 0.00 98.36 
Elinsuo R354176.35 39.3 59.3 0.27 0.01 0.05 0.16 99.05 
Elinsuo R354176.35 39.2 58.8 0.25 0.01 0.07 0.00 98.40 
Kelokorpi R329135.70 38.6 61.7 0.07 0.02 0.06 0.10 100.51 
Kelokorpi R329135.70 37.6 61.4 0.04 0.03 0.04 0.14 99.33 
Kelokorpi R329135.70 37.6 62.0 0.06 0.05 0.03 0.15 99.92 
Kelokorpi R329135.70 37.7 60.3 0.05 0.02 0.05 0.29 98.45 
Kelokorpi R329135.70 35.6 64.3 0.02 0.00 0.04 0.00 100.02 
Kelokorpi R329135.70 34.0 64.3 0.02 0.01 0.05 0.05 98.49 
Kivisuo R3451131.70 38.6 60.4 0.31 0.00 0.12 0.04 99.46 
Kivisuo R3451131.70 35.9 62.2 0.05 0.00 0.10 0.27 98.49 
Kivisuo R3451132.30 37.6 59.5 0.27 0.06 0.08 0.00 97.45 
Kivisuo R3451132.30 36.1 62.4 0.00 0.08 0.05 0.00 98.59 
Kivisuo R346il.85 38.4 60.4 0.04 0.04 0.09 0.01 98.98 
Kivisuo R346fl.85 37.6 61.0 0.01 0.02 0.05 0.00 98.68 
Kivisuo R346i7.85 38.7 60.2 0.00 0.05 0.03 0.11 99.16 
Kivisuo R346i7.85 38.5 59.4 0.02 0.02 0.06 0.00 97.96 
Muurinsuo R321178.30 39.8 59.6 0.30 0.06 0.07 0.83 100.60 
Muurinsuo R321178.30 39.7 59.2 0.35 0.10 0.04 0.68 100.08 
Muurinsuo R321180.05 39.7 58.7 0.37 0.02 0.05 1.65 100.46 
Muurinsuo R321180.05 39.9 58.9 0.23 0.03 0.06 1.33 100.39 
Muurinsuo R321180.60 40.9 59.0 0.15 0.00 0.08 0.02100.12 
Muurinsuo R321180.60 39.6 59.3 0.28 0.01 0.07 0.00 99.21 
Muurinsuo R338186.15 40.0 58.6 0.23 0.01 0.04 0.03 98.87 
Muunnsuo R338186.15 41.4 58.1 0.21 0.05 0.06 0.03 99.80 
Korvilansuo R3251135.10 36.5 63.7 0.00 n.d. 0.00 0.10 100.30 
Korvilansuo R3251135.10 36.5 62.7 0.00 n.d. 0.00 0.00 99.30 
K O N ~ ~ ~ ~ S U O  R3251123.50 37.8 61.6 0.20 n.d. 0.00 0.20 99.80 
Korvilansuo R3251123.50 38.5 61.7 0.20 n.d. 0.10 0.20 100.70 
Korviiansuo 13251135.65 38.1 60.5 0.20 n.d. 0.10 0.10 98.90 
Korvilansuo R3251135.65 37.8 60.5 0.10 n.d. 0.00 0.10 98.60 
Korvilansuo R3251135.10 39.0 61.4 0.20 n.d. 0.10 0.00 100.70 
Korvilansuo R3251135.70 38.8 61.6 0.20 n.d. 0.00 0.30 101.00 
Korvilansuo R3251135.70 38.0 60.4 0.20 n.d. 0.10 0.00 98.60 
Korvilansuo R3251135.70 37.4 60.3 0.00 n.d. 0.10 0.20 98.00 
Rämepuro M 23598 36.9 51.7 1.42 0.51 9.38 0.03 99.92 
Rämepuro M 23598 38.7 59.4 0.07 0.04 0.10 0.17 98.50 
Rämepuro M 23598 37.4 60.8 0.00 0.00 0.06 0.07 98.27 
Rämepuro M 23598 39.5 59.3 0.10 0.16 0.09 0.00 99.08 
Rämepuro M 23598 39.3 58.6 0.04 0.02 0.12 0.13 98.19 
Rämepuro R11152.12 36.9 51.7 1.40 n.d. 9.40 0.00 99.90 
Rämepuro R11152.12 38.7 59.4 0.10 n.d. 0.10 020 98.50 
Ramepuro R11152.12 37.4 60.8 0.00 n.d. 0.10 0.10 98.40 
Rämepuro R11152.12 39.5 59.3 0.10 n.d. 0.10 0.00 99.10 
Rämepuro R11152.12 39.3 58.6 0.00 n.d. 0.10 0.10 98.30 
Ward R305145.65 38.9 60.1 0.02 0.03 0.06 0.00 99.10 
Ward R305145.65 39.6 59.7 0.00 0.02 0.06 0.00 99.36 

n.d.: not detemined 



Geological Survey of Finland, Special Paper 17 
Kari Kojonen, Bo Johanson, Hugh O'Brien and Lnssi Pakkanen 

App. B, contd. 

Table B 7. Electron microprobe 

Location sam~le  

Kuittila R311185.80 
Kuittila R311185.80 
Kelokorpi R329135.70 
Kelokorpi R329135.70 
Kelokorpi R329135.70 
Kelokorpi R329135.70 
Korviiansuo R3251104.35 
Korvilansuo R3251104.35 
Korviiansuo R3251104.35 
Korvilansuo R3251107.40 
Korvilansuo R3251107.40 
Korvilansuo R3251107.40 
Korvilansuo R3251120.65 
Kivisuo R346l7.85 
Kivisuo M386422lKl 
Kivisuo M386422K1 
Elinsuo R353170.80 
Elinsuo R354176.35 
Elinsuo R354176.35 
Elinsuo ~354176.35 
Elinsuo R354176.35 
Elinsuo R354176.35 
Elinsuo R354176.35 
Ramepuro R81134.98 
Rämepuro R81134.98 
Ramepuro R8115 1.35 
Ramepuro R8115 1.35 
Riimepuro R81151.35 
Rämepuro R13140.20 
Ramepuro R13140.20 
Ramepuro R 13140.20 
Ward R305145.65 
Ward R305145.65 
Ward R305150.35 
Ward R305150.35 
Ward R305150.35 
Ward PSW 90-2701 
ward PSW 90-2701 
ward PSW 90-2701 
Ward PSW 90-2701 
Ward PSW 90-2701 
Ward PSW 90-2701 
ward PSW 90-2701 
Ward PSW 90-2701 
Ward PSW 90-2701 
Ward R305151 .OO 
Ward R305151 .OO 

analyses of pyrite from the 

7 Fe Ni 

52.8 46.3 0.03 
53.2 45.9 0.00 
54.8 45.7 0.00 
54.6 46.5 0.01 
52.5 45.9 0.02 
53 6 43.9 0.01 
52.0 47.5 0.00 
522 47.3 0.00 
52.6 46.4 0.01 
53.0 46.7 0.00 
52.4 46.1 0.04 
52.2 46.3 0.03 
52.6 46.8 0.00 
51.5 46.2 0.04 
52.9 45.8 0.01 
52.1 46.3 0.00 
54.3 45.8 0.03 
53.8 46.3 0.01 
53.0 46.6 0.00 
52.4 46.0 0.02 
52.0 46.4 0.03 
52.3 46.7 0.01 
51.4 46.7 0.02 
52.5 45.4 0.06 
52.4 46.1 0.07 
53.7 46.6 0.03 
53.7 45.6 0.05 
52.5 46.3 0.04 
52.4 46.5 0.06 
53.1 45 7 0.04 
52.9 45.8 0.08 
54.5 46.5 0.01 
53.8 47.3 0.01 
54.1 46.2 0.06 
53.9 45.6 0.06 
53.8 46.9 0.04 
54.1 46.6 0.00 
54.0 46.6 0.00 
53.4 46.7 0.00 
54.0 46.2 0.04 
54.0 45.8 0.10 
54.6 45.7 0.19 
54.0 45.9 0.08 
51.9 45.1 0.00 
54.1 46.1 0.06 
54.7 46.7 0.09 
52.6 46.5 0.09 

Ilomantsi gold deposits. 

Co As Total 

0.72 0.00 99.85 
0.64 0.15 99.89 
1.03 0.18 101.71 
0.77 0.00 101.88 
0.88 0.01 99.31 
2.77 0.10 100.38 
0.16 0.00 99.66 
0.33 0.00 99.83 
0.27 0.00 99.28 
0.09 0.00 99.79 
0.13 0.00 98.67 
0.83 0.00 99.36 
0.04 0.00 99.44 
0.63 0.08 98.45 
0.05 0.15 98.91 
0.06 0.00 98.46 
0.05 0.00 100.18 
0.37 0.04 100.52 
0.10 0.07 99.77 
0.26 0.09 98.77 
0.04 0.00 98.47 
0.13 0.24 99.38 
0.05 0.04 98.21 
0.10 0.06 98.12 
0.11 0.00 98.68 
0.05 0.17 100.55 
0.05 0.05 99.45 
0.09 0.29 99.22 
0.07 0.31 99.34 
0.08 0.34 99.26 
0.06 0.08 98.92 
0.02 0.19 101.22 
0.05 0.08 10124 
0.06 0.07 100.49 
0.10 0.01 99.67 
0.11 0.00 100.85 
0.23 0.00 100.93 
0.19 0.00 100.79 
0.19 0.03 100.32 
0.03 0.00 100.27 
0.12 0.13 100.15 
0.08 0.37 100.94 
0.07 0.02 100.07 
0.96 0.16 98.12 
0.06 0.15 100.47 
0.06 0.01 101.56 
0.04 0.09 99.32 

Table B 8. Electron microprobe analyses of mackinawite from the Ilomantsi gold deposits. 

Location Sam~le S Fe Ni Cu Co As Sb Au Total 

Kivisuo R3451132.30 36.1 55.2 4.50 0.44 3.36 0.11 0.00 0.00 99.64 
Kivisuo R3451132.30 36.0 53.7 5.39 0.18 2.30 0.06 0.00 0.00 97.67 
Kivisuo R3451132.30 36.0 53.1 5.25 0.25 2.77 0.13 0.00 0.00 97.50 
Kivisuo R3451132.30 35.4 53.7 5.03 0.38 2.73 0.00 0.00 0.00 97.24 
Kelokorpi R329135.70 36.4 56.6 3.74 0.81 2.34 0.00 0.00 0.00 99.90 
Kelokorpi R329135.70 36.2 57.1 3.91 0.75 2.12 0.19 0.00 0.29100.62 

Table B 9. Electron microprobe analyses of pentlandite and argentian pentlandite from the Ilomantsi gold deposits. 

Location Sample S Fe Ni Cu Co As Ag Total 

Kelokorpi R3291135.90 32.2 36.8 18.5 0.28 0.07 0.19 13.1 101.1 
Kelokorpi R3291135.90 32.6 36.0 19.3 0.31 0.09 0.07 12.9 101.3 
Kelokorpi R3291135.90 32.3 34.4 19.6 0.18 0.19 0.00 12.5 99.17 
Kelokorpi R3291135.90 32.5 33.8 24.0 0.48 0.91 0.30 8.30 100.3 
Kelokorpi R3291135.90 34.7 30.8 29.3 0.00 5.09 0.23 n.d. 100.1 
Kelokorpi R3291135.90 34.7 31.2 28.9 0.00 5.67 0.04 n.d. 100.5 
Kivisuo R3451131.70 33.5 30.2 30.9 0.00 6.11 0.00 n.d. 100.7 
Kivisuo R3451131.70 33.6 30.5 30.9 0.00 5.68 0.00 n.d. 100.7 
Muurinsuo R321178.30 34.3 32.5 33.0 0.05 0.31 0.57 n.d. 100.7 
Muurinsuo R321fl8.30 34.3 31.8 33.4 0.02 0.30 0.71 n.d. 100.5 
Muurinsuo R321180.05 35.0 34.1 30.1 0.00 0.22 1.43 n.d. 100.9 
Muurinsuo R321180.05 35.1 34.4 29.0 0.00 0.20 0.26 n.d. 98.96 
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Table B 10. Electron microprobe analyses of galena from the Ilomantsi gold deposits. 

tocation sam~le  S Pb Ag Bi Se Hg Fe Te Total 

Kelokorpi R329135.70 14.1 84.0 0.34 1.46 0.07 0.00 0.16 0.00 100.12 
War d R305150.5 12.6 83.9 0.09 0.50 0.51 0.20 0.45 0.11 98.36 
Ward R305150.5 12.8 85.7 0.00 0.40 0.84 0.50 1.21 0.12 101.57 
Ward R305151.00 13.1 83.7 0.32 1.53 0.42 0.71 0.01 0.24100.03 
Ward R305151.00 13.8 84.7 0.30 1.24 0.45 0.20 0.02 0.15100.86 
Ward R305151.00 13.6 85.1 0.41 1.31 1.00 0.37 0.00 0.11 101.90 
Ward R305151.00 13.2 85.3 0.33 1.24 0.56 0.00 0.01 0.20100.84 
Ward R305151.00 13.4 86.0 0.22 1.15 0.75 0.00 0.00 0.11 101.63 

Table B 11. Electron microprobe analyses of sphalente from the Ilomantsi gold deposits. 

Xocation Sample S Zn Fe Mn Cd As Total S Zn Fe Mn Cd 
at.% at.% at.% at.% at.% 

Kuittiia R311185.80 32.2 63.1 0.34 0.00 3.47 0.00 99.08 50.0 48.1 0.31 0.00 1.54 
Kuittila R311185.80 31.9 61.9 0.62 0.00 3.42 0.00 97.88 50.2 47.7 0.56 0.00 1.53 
Kelokorpi R329135.70 33.5 56.5 7.72 0.15 2.22 0.08100.20 50.5 41.7 6.67 0.13 0.95 
Kelokorpi R329135.70 33.0 56.0 7.39 0.01 2.34 0.18 98.88 50.4 41.9 6.48 0.01 1.02 
Kivisuo R346l7.85 33.8 58.8 6.38 0.21 0.47 0.08 99.74 50.8 43.3 5.50 0.19 0.20 
Kivisuo 134617.85 32.8 57.9 6.64 0.17 0.38 0.11 98.00 50.3 43.5 5.84 0.16 0.17 
Rämepuro R11152.12 33.0 57.4 6.99 0.02 1.31 0.07 98.71 50.3 42.9 6.12 0.02 0.57 
Rämepuro R11152.12 33.7 57.4 7.11 0.01 1.17 0.00 99.41 50.8 42.5 6.16 0.01 0.51 
m e p u r o  R11152.12 33.3 57.7 6.92 0.03 1.17 0.17 99.38 50.5 42.9 6.01 0.03 0.51 
Ward R305145.65 34.1 55.7 9.66 0.01 0.12 0.25 99.85 50.8 40.7 8.26 0.01 0.05 
Ward R305145.65 34.2 56.4 9.40 0.03 0.11 0.00100.07 50.8 41.1 8.02 0.02 0.04 
Ward R305145.65 34.8 54.8 10.0 0.01 0.03 0.00 99.61 51.6 39.9 8.53 0.01 0.01 
Ward R305151.00 34.6 66.0 0.28 0.00 0.75 0.11101.70 51.3 48.0 0.24 0.00 0.32 
Ward R305151.00 34.4 65.8 0.30 0.01 0.75 0.06101.32 51.3 48.1 0.26 0.01 0.32 
Ward R305151.00 32.6 65.6 0.31 0.02 0.63 0.07 99.24 50.1 49.3 0.27 0.02 0.28 
Ward R305151.00 33.2 66.0 0.32 0.00 0.67 0.18100.34 50.3 49.0 0.27 0.00 0.29 

n.d.: not determined 

Table B 12. Electron microprobe analyses of arsenopynte from the Ilomantsi gold deposits. 

ahon 
at.% at.% at.% at.% at% 

Korvilansuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kelokorpi 
Kivisuo 
Kivisuo 
Muurinsuo 
Muurinsuo 
Muwinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 
Muurinsuo 

Table B 13. Electron microprobe analyses of gersdorffite from the Ilomantsi gold deposits. 

OCahOn a 
Muurinsuo R321178.00 19.8 11.7 19.1 4.04 43.8 0.00 98.44 
Muurinsuo R321178.00 19.5 12.1 19.3 3.67 43.4 0.11 98.08 
Muurinsuo R321179.80 20.8 12.4 20.2 2.36 43.3 0.15 99.21 
Muurinsuo R321179.80 20.3 12.3 20.9 2.88 44.0 0.00 100.38 
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Table B 14. Electron microprobe anaiyses of tellurides from the Ilomantsi gold deposits. 

Tellurobismuthite 

Location Sample 

Elinsuo R354176.35 
Elinsuo R354176.35 
Muurinsuo R320127.60 
Muurinsuo R320127.60 
Muurinsuo R3201110.50 
Muurinsuo R3201110.50 
Muurinsuo R3201110.50 
Muurinsuo R3201110.50 
Korvilansuo R327129.40 
Korviiansuo R327129.40 
Korviiansuo R327129.40 
Korviiansuo R327129.60 
Korviiansuo R327129.60 
Korvilansuo R327129.60 
Korvilansuo R355194.70 
K O N ~ ~ ~ ~ S U O  R355194.70 
Korviiansuo R355194.70 
Korviiansuo R355194.70 
Korvilansuo R355194.70 
Korvilansuo R355194.70 
Korvilansuo R355194.70 
Korviiansuo R355199.35 
Korviiansuo 
Korvilansuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
K O N ~ ~ ~ ~ S U O  
Korvilansuo 
Korvilansuo 
Korviiansuo 
Korvilansuo 

Hedley ite 

Kivisuo 
Kivisuo 
Korviiansuo 
Korviiansuo 
Korvilansuo 
Korvilansuo 
Ramepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 
Rämepuro 

Tsumoite 

MUUMSUO 
Muurinsuo 
Muurinsuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korviiansuo 

Rucklidgeite 

Korviiansuo R327129.60 
Korviiansuo R327129.60 
Korviiansuo R3551100.30 
Ward R315173.40 
Ward R315173.40 
Ward R315173.40 
Ward R3 15173.40 

Volynskite 



App. B, contd. 

Geological Survey of Finland, Special Paper 1 7  
Mineralogy of gold occurrences ... 

Frohbergite 

Location 

Komilansuo 
Komiiansuo 
Komiiansuo 
Komilansuo 
Komilansuo 
Komiiansuo 
Muurinsuo 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward R315171.50 0.00 
Ward R315171.50 0.00 
Ward R315171.50 0.00 

Komiiansuo 
Komiiansuo 
Komilansuo 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 
Ward 

Bi Te Total 

0.00 79.9 99.87 
0.00 80.1 99.88 
0.01 77.4 100.22 
0.02 81.3 101.91 
0.00 83.5 101.20 
0.00 83.7 101.13 
0.04 81.0 100.08 
0.00 80.7 101.53 
0.22 81.1 101.61 
0.00 81.7 101.40 
0.11 81.2 100.27 
0.00 81.5 100.81 
0.00 82.4 100.98 
0.15 81.6 101.76 
0.02 82.0 101.50 
0.35 82.2 100.70 

Hessite and petzite 

&suo R353170.80 1.34 60.0 0.09 0.32 0.16 n.d. 0.00 
Muurinsuo R3201110.50 0.32 62.3 0.11 0.79 0.07 n.d. 0.04 
Korvilansuo R327129.40 0.70 63.5 0.06 0.00 0.03 0.00 0.08 
Korvilansuo R327129.40 1.82 59.4 0.03 0.86 0.14 0.00 0.04 
Korvilaasuo R327129.40 2.04 60.5 0.00 0.00 0.16 0.00 0.00 
Komilansuo R327129.40 13.5 48.3 0.02 0.5 0.08 1.35 0.14 
Komilansuo R327129.60 2.34 59.4 n.d. 0.04 0.13 n.d. 0.06 
Komilansuo R327129.60 4.33 59.1 0.02 1.24 0.16 0.00 0.00 
Koivilansuo R327129.60 5.36 56.9 0.04 0.01 0.15 0.44 0.00 
Korvilansuo R327129.60 6.69 53.2 n.d. 0.28 0.22 n.d. 0.19 
Korvilansuo R327129.60 7.87 55.8 0.08 0.77 0.27 0.76 0.09 
Ward R305146.25 2.02 57.1 0.13 0.55 0.20 0.10 0.02 
Ward R305/46.25 9.63 50.3 2.02 0.14 0.19 0.88 0.00 
Ward R315168.50 7.09 57.6 0.00 0.29 0.22 0.05 0.03 
Ward R315168.50 10.6 54.4 0.01 0.38 0.25 0.00 0.00 

Caiavente 

Ward R305146.25 37.8 0.67 1.94 0.00 0.35 0.00 0.19 
Ward R305146.25 35.9 1.35 2.48 0.00 2.31 1.33 0.22 
Ward R315168.50 38.8 0.62 0.79 0.05 0.31 1.33 0.24 
Ward R315168.50 39.6 0.62 0.89 0.30 0.46 0.44 0.17 
Ward R315168.50 39.3 0.64 1.60 0.00 0.60 0.07 0.18 
Ward R315168.50 39.4 0.65 1.39 0.60 0.28 0.00 0.21 
Ward R315168.50 40.0 0.71 1.46 0.36 0.42 0.76 0.14 

Undefined AuSbTe 

Ward R315171.50 42.0 0.27 0.06 0.00 26.9 0.00 0.00 28.9 98.06 
Ward R315171.50 43.1 0.00 0.07 0.08 26.2 0.06 0.21 29.1 98.83 
Ward R315171.50 43.1 0.00 0.03 0.15 26.4 0.90 0.15 28.7 99.43 

Undefined Bi3Te2 

Kivisuo R348154.30 0.20 0.04 0.34 0.33 0.15 n.d. 72.2 26.9 100.41 
Kivisuo R348154.30 0.45 0.00 0.27 0.47 0.19 n.d. 69.2 27.9 98.63 

Thailian silver tellunde 

Location s m ~ l e  

Korvilansuo R327129.60 
Korvilansuo R327129.60 
Korvilansuo R327129.60 
Koivilansuo R356181.50 
Korvilansuo R356181.50 
Korvilansuo R356181.50 
Korvilansuo R356181 50 
Korvilansuo R356181.50 
K o N ~ ~ ~ ~ ~ s u o  R356181.50 
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geochemical data base (1408 samples) contains unaltered to extremely altered 
rocks, including various rock types and 7 different prospects. Quantitative 
mass transfer calculations provide absolute change in elemental components 
due to interaction between fluids and rocks. Artificial mass transfer due to 
primary geochemical variation is assessed from relatively unaltered non- 
prospect samples. Elements that are within the limits of non-prospect variation 
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prospect. Differences between prospects are due to spatial proximity to the 
peak intensity of a geochemical association or to the magnitude of the peak. 
The maximum intensities of geochemical associations are not necessarily 
coincident in space. While all of the mobile elements indicate hydrothermal 
activity only elements within the Au geochemical association (Te, Bi, Ag, and 
Hg) can be considered reliable pathfinders for Au. Paragenesis of ore related 
mineral deposition is consistent with the geochemical associations. 
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INTRODUCTION 

The rocks of the Hattu schist belt have been 
subjected to complex hydrothermal alteration (Nurmi 
et al., 1993, this volume). The current altered state of 
the rocks represents a composite of hydrothermal 
fluid and rock interaction over the life of the system. 
Some components have been added to the rock from 
the fluid, others subtracted from the rock and either 
removed totally or redistributed centimeters to me- 
ters away, while others have remained immobile in 
the scale of the geochemical sample. The relatively 
immobile components need not be in the original 
mineral sites but can be in minerals formed during 
hydrothermal alteration, as long as they have not 
migrated beyond the scale of the geochemical sam- 
ple. Quantitative mass transfer calculations provide 
a means to analyze the interaction between fluids and 

rocks through absolute change in elemental compo- 
nents. In essence the backgroundrock composition is 
subtracted from an equivalent mass of altered rock, 
the difference being mass transfer due to secondary 
processes. 

In this paper mass transfer calculations are de- 
scribed and calculated mass changes are summa- 
rized. The results are based on geochemical analyses 
of 1408 rock samples from the Hattu schist belt (Figs. 
1 and 2). Sampling, analytical methods used, and the 
geochemical data base are described by Bornhorst et 
al. (1993, this volume). The calculated mass transfer 
among elements, rock types, and prospects provides 
a geochemical view of hydrothermal alteration. All 
geochemical results in this paper are based on calcu- 
lated equivalent mass transfer, not on raw elemental 

1 Mrdic & uiirarnaik ml<s 
and imn iamaiiona 

: Qold occumnces 

, Diamond drill 
mm sample 

Shallow d i i o n d  dtill 
mm or outcmp sampte 

Fig. 1. Oeological outline of the Hattu schist belt and location of 
geochemical samples. Diamond drill core (red) are locations for mul- 
tiple samples, shdlow drill core and outcrop (black) are locations for 
single samples. The area of Figure 2 is delineated. 

Fig. 2. Close-up of the delineated area in Figure 1. The delineated ar$as 
show the ertent of prospects defined by sample distribution and extent 
of till anomaly. For explanation of symbols, see Figure 1. 
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abundances. The use of raw elemental abundances ations defined here are based on graphical and statis- 
yields accurate results only when the elements in tical models of rank correlation between calculated 
question are highly enriched or depleted as compared gains and losses for the various elements. All calcu- 
to original rock composition. The word added or lations and data manipulations were accomplished 
subtracted is used to clearly denote the use of calcu- by the programs SYSTAT and SYGRAPH 
lated equivalent mass transfer. Geochemical associ- (Wilkinson, 1990a,b). 

MASS TRANSFER CALCULATIONS 

Mass transfer calculations can be based on the 
assumption of constant volume, constant mass or 
equivalent mass (Grant, 1986; Gresens, 1967). An 
equivalent mass assumption is best when dealing 
with hydrothermal alteration of rocks. The equiva- 
lent mass transfer equation (Grant, 1986) is: 

where AM, is the gain or loss of mass for component 
i relative to original mass; Ma and Mo are the equiv- 
alent masses after (Ma) and before (MO) alteration; 
and c l h n d  c10 are the concentrations of component 
i in the altered rock (a) and original pre-alteration 
rock (0) in units defined by MO. If constant mass is 
assumed (Ma / MO = 1) equation 1.1 becomes simple 
subtraction of the original pre-alteration elemental 
concentration from the altered elemental concentra- 
tion. Derivation of M; the equivalent mass after 
alteration, requires determination or assumption of a 
constant during alteration such as either mass or 
volume or some immobile component (e.g., Al, Ti or 

Zr). If component i is assumed to be immobile then 
AMi = 0 and equation 1.1 simplifies to: 

where IR, the irnmobile element ratio, is equal to the 
inverse of an isocon in Grant (1986). Substitution of 
equation 1.2 into equation 1.1 yields a readily usable 
form of the equivalent mass transfer equation: 

AMI = (IR * cla - elo) * Mo 

which yields absolute elemental transfer during al- 
teration. The elemental concentration in the altered 
rock can be obtained by various analytical tech- 
niques. The original pre-alteration concentration 
depends on choice of an appropriate protolith of 
unaltered composition. Immobile elements can usu- 
ally be inferred for most samples by starting with 
empirically immobile elements. For some highly 
altered samples no elements are immobile. 

PRE-ALTERATION CONCENTRATIONS 

Equivalent mass transfer calculations require 
knowledge of the elemental concentrations prior to 
alteration. In the idea1 situation a compositionally 
homogenous rock body is partially altered. Thus, the 
composition of unaltered rocks can be readily deter- 
mined and used as original pre-alteration composi- 
tion for the altered rocks. A simple unaltered to 
altered homogenous rock body is not available from 
the Hattu schist belt. 

Any primary compositional variation that is not 
accounted for by individual or multiple pre-altera- 
tion compositions will yield incorrect subtraction in 
equation 1.3 resulting in artificial elemental mobili- 
ty. Based on ratios of least mobile elements with one 
another, it is clear that continuous primary 
compositional variation is present in both least al- 
tered and altered sarnples for all rock types of the 

Hattu schist belt (Bornhorst et al., 1993, this vol- 
ume). Thus, it is virtually impossible to avoid calcu- 
lated artificial elemental mobility. To minimize this 
artificial mobility relatively homogeneous chemical 
types within each rock group (Table 1) were formed 
by an objective procedure (Bornhorst et al., 1993, 
this volume). Centroid compositions for each chem- 
ical type were used as the pre-alteration composition 
estimates for mass transfer calculations. 

A small(30) set of miscellaneous rocks contains a 
few highly altered rocks and quartz veins. Since, 
ratios of least mobile elements in these miscellane- 
ous rocks are similar to those in the majority of rocks 
from the Hattu schist belt, the original pre-alteration 
composition was assumed to resemble the porphyritic 
felsic dikes, type 2 sedimentary rock and type 2 and 
3 coarse-grained plutonic rocks. These rock types are 
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Table 1. Rock groups and chemical types for the Hattu schist belt samples. For definition of chemical types, see Bornhorst 
et al., 1993, this volume. 

Rock group Total number 
of samples 

Nurnber of samples for each chernical type 

T Y P ~  1 T Y P ~  2 T Y P ~  3 T Y P ~  4 

Extrusive rocks 127 8 18 14 64 23 
Porphyntic felsic dikes 138 56 82 
Coarse-grained plutonics 246 11 209 26 
Sedimentary rocks 854 236 404 214 
iron formations 10 7 3 
Miscellanious rocks 30 30 

close to one another in chemical composition. which has the largest number of samples. For sedi- 
For 265 samples only limited geochemical data mentary rocks the absolute abundance of Ni was used 

are available andchemical types could not be defined to separate these rocks into chemical types since 
for them using the rules discussed by Bornhorst et al. absolute Ni is a good discriminator of chemical type. 
(1993, this volume). For porphyritic felsic dikes all A few extrusive rocks were placed into chernical type 
of these samples were assigned to chemical type 2 on the basis of their absolute Ni and Co contents. 

IMMOBILE ELEMENT RATIO 

The irnmobile element ratio (IR, equation 1.2) is 
the correction factor for equivalent mass transfer 
calculations and can be based on one or more ele- 
ments. Grant (1986) proposed a graphical procedure 
to estimate IR for individual samples but for 1408 
samples such a method is not practical. Since no one 
element is likely to always be perfectly immobile it 
is better to use several different elements that are not 
correlated with one another by primary processes to 
estimate IR. Strong interelement correlations be- 
tween A1,0,, TiO,, and Zr for altered rocks are 
consistent with mutual immobility. Low correla- 
tions for non-prospect samples suggest lack of pri- 
mary correlation. Ni, Cr, V, Th, and REE tend to 
correlate with Al, Ti, and Zr for altered rocks. For all 
these elements, IR was calculated for each sample. 
Inspection of individual element IR values suggested 
that A1,0,, TiO,, and Zr provide the most consistent 
estimate of IR for each sample, Ni is less reliable. 
After removal of outliers, the selected average IR 
value for some combination of A1,0,, TiO,, Zr, andl 
or Ni, biased towards IR nearer to 1 .O, was used in the 
geochemical data base as the sample IR. Since it is 

not possible to account for all primary elemental 
variation with the multiple parents given by Bornhorst 
et al. (1993, this volume) some variation in the 
immobile element ratio is due to primary processes. 
An IR nearer 1.0 tends to minimize the magnitude of 
such artificial IR errors for unaltered rocks and likely 
for many altered rocks, especially those weakly al- 
tered. For most cases, Ni was excluded from the 
calculations and for some only one element was used 
to estimate the IR. When available, the REE were 
used as a guide for selection of IR. 

For 265 samples the only available relatively im- 
mobile element is Ni. Thus, the reliability of Ni alone 
as an estimator of IR was evaluated using all the data. 
Calculated Nibackground 1 Nialtered sample ratios above 1.5 
or below 0.6 are not reliable since for these samples 
the estimated sample IR using A1,0,, TiO,, and Zr is 
typically near 1 .O. Accordingly, when the Ni ratio is 
above 1.5 or below 0.6 the sample IR was assumed to 
be 1 .O. Between 1.5 and 0.6 the Ni ratios correlate 
with estimated sample IR values but need a linear 
correction. For a few samples in the set of miscella- 
neous rocks an IR of 1 .O was assumed. 

PRIMARY ELEMENTAL VARIATION 

Since some primary compositional variation is not compositions, it is necessary to evaluate the magni- 
accounted for by the defined multiple pre-alteration tude of the portion of calculated elemental mobility 



Table 2. Upper and lower limits for calculated artificial elemental 
mobility due to primary processes in non-prospect samples. 
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that is due to primary compositional variation. Al- 
though the non-prospect samples are not completely 
free of alteration, the calculated mass changes within 
this subset are closest to primary only compositional 
variation. For all non-prospect samples, calculated 
median elemental gain or loss is near 0, consistent 
with their primary unaltered compositions (Table 2). 
If a few outliers are eliminated, the non-prospect data 
are more or less normally distributed about the medi- 
an or mean. To define the upper and lower limits for 
artificial elemental variation due to primary process- 
es, histograms of calculated elemental gain or loss 
for non-prospect samples were visually inspected 
and outliers rejected. The median plus or minus two 
standard deviations was defined as the limit of artifi- 
cial elemental mobility due to primary processes. For 
elements with both the background value and a large 
proportion of data below the detection limit, espe- 
cially Cd, Hg, Se, and Ta, the defined limits are likely 
unrealistically small, and result in all data above the 
detection limit being considered outside the limits of 
primary elemental variation. For Ag it was necessary 
to include prospect data to evaluate primary limits as 
too few non-prospect Ag contents are in the data set. 
These limits encompass most non-prospect data dis- 
tributed about 0 gain or loss and provide a limit 
beyond which we are confident of real secondary 
elemental mobility. Because the non-prospect Sam- 
ples are not completely free of alteration and because 
of primary compositional variation, typically about 
10 to 20 percent of the non-prospect data fall outside 
of these primary variation limits. However, some 
elements are relatively mobile even in the non- 
prospect samples since a large number of samples 
(25 to 50 percent) fall outside of the expected pri- 
mary variation limits. This includes Be, Cu, S, Te, 
Hg, Au, CO,, As, and B, from least to most mobile, 
respectively . 

Element Lower limit Median 
- 

SiO, % 
TiO, % 
' 4 4 0 3  % 
F%03 % 
MnO % 
MgO 5% 
CaO % 
NhO % 
K,O % 
p,os 5% 
LOI % 

Ag PPm 
'4s PPm 
Au P P ~  
B PPm 
Ba PPm 
Be PPm 
Bi ppm 
Br PPm 
Cd ppm 
Ce PPm 
Co PPm 
CO2 % 
Cr PPm 
Cs PPm 
Cu PPm 
Eu PPm 
Hf PPm 
Hg P P ~  
La PPm 
Li ppm 
Lu PPm 
Mo PPm 
Nb PPm 
Nd PPm 
Ni ppm 
Pb PPm 
Rb PPm 
S % 
Sb PPm 
Sc PPm 
Se PPm 
Sm PPm 
Sr PPm 
Ta PPm 
Tb PPm 
Te P P ~  
Th PPm 
U PPm 
v PPm 
w PPm 
Y PPm 
yb PPm 
zn PPm = PPm 

ELEMENTAL MOBILITY 

Upper limit 

21.87 
0.13 
2.80 
3.97 
0.04 
2.00 
2.33 
1.57 
0.78 
0.05 
0.88 

The elements can be divided into 5 groups based cluded because a large proportion of the prospect 
on the percent of samples from prospects outside the data were below the detection limit and also due to 
upper and lower limits of artificial elemental mobil- very poor data quality. Groups 1 to 3 represent a 
ity (Table 3). Cadmium, Sb, Ta, and Tb were ex- continuum with a significant difference between 
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groups 1 and 3 but not between groups 1 and 2 or 2 
and 3. A distinct break exists between groups 3 and 
4 and again between 4 and 5. Since only few samples 
for group 1 elements fall outside the limits of artifi- 
cial elemental mobility it is reasonable to conclude 
that these elements are neither gainednor lost in large 
amounts during hydrothermal alteration. Some sec- 
ondary variation may be hidden within the artificial 
elemental mobility limits since they are large for 
some elements (e.g. SiO,). Regardless, group 1 ele- 
ments do not play a major role in the hydrothermal 
system. Since the number of anomalous samples 
(outside primary variation limits) within group 2 is 
higher, these elements may play important roles in 
the hydrothermal system. For each element from 
groups 1,2 and 3 the number of anomalous samples 
in the various rock types and prospects was used to 

identify elements with special roles in the 
hydrothermal system. When the number of anoma- 
lous samples is equally distributed among the rock 
types and prospects the element was considered to be 
of little importance. Although usually within artifi- 
cial elemental mobility limits, the distribution of 
anomalous samplesfor some group 1 and 2 elements 
and for all group 3 elements suggests that these 
elements play a significant role in the hydrothermal 
system (Table 4). For groups 4 and 5 a large percent- 
age of the data are outside of the artificial elemental 
mobility limits, thus these elements play an impor- 
tant role in the hydrothermal system. The percentage 
of samples beyond the artificial elemental mobility 
limits does not address the question of the magnitude 
of the secondary variation. 

Table 3. Percentage of samples from prospects outside primary screen for each element. 

Group 1: 2-10 % of samples outside pnmary variation limits 

Element % outside Number of Element % outside Number of Hement % outside Number of 
limits samples limits samples limits samples 

Fe203 2 937 TiO, 5 937 -41203 7 937 
Yb 2 91 Zr 5 937 Ni 7 1201 
Lu 2 91 Sm 5 91 Sc 8 91 
MgO 4 937 SiO, 6 937 Ce 8 91 
CaO 4 937 Th 7 91 Nd 9 91 
Pb 5 1201 V 7 91 La 10 91 

Group 2: 11-20 % of samples outside pnmary variation limits 

Element ',imits samp,es -.-..". Iimits samples "a"'Au"' limits samples 
1.pufside Numkr of Flempn+ %-ou-ide Number of ,,,,,, % outside Number of 

MnO 11 937 W 14 1072 LOI 19 937 
Ba 12 937 Y 14 937 Cu 19 1201 
Nb 12 923 Rb 15 937 Li 20 580 
Eu 12 9 1 Co 15 1201 
p205 12 937 Ag 16 850 

Group 3: 23-30 % of samples outside pnmary variation Smits 

Element % outside Number of % outside Number of % outside Number of 
limits samples limits samples limits samples 

Group 4: 40 % of samples outside pnmary variation limits 

Element % l g g d e  Nz$eF 

Group 5: 65-85 % of samples outside primary variation limits 

,,+ %-outside Number of ,, ,,,,, % outside Number of 
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Table 4. Elemental mobility in rocks from Au prospects. 

Mobility Elements 

No gain or loss beyond primary variation limits Fe,O,, Yb, Lu, MgO, CaO, TiO , Zr, Sm, Th, V, A1,0,, 
Ni, Sc, Ce, Nd, La, Hf, MnO, &, Eu, P,O,, Y, Co 

No gain or loss beyond primary variation limits Ba, Na,O 
except for a few porphyritic felsic dikes 

No gain or loss beyond primary variation limits Pb, SiO?, Na,O, Rb, Ag, Sr, LOI 
except for coarse-grained plutonic rocks 

No gain or loss beyond primary variation limits W, Cu, Li, Mo, Bi, Br, Be, K,O, Cs, U, CO,, Zn, Cr 
for majority of samples, but significant number 
of anomalous samples 

Significant gain or loss with large number of 
samples outside primary variation limits 

Hg, S, As, B, Se, Te, Au 

HIGHLY MO-W MINERALIZED SAMPLES 

The distribution of anomalous samples suggests 
that Mo, W, and CO, are more often anomalous in 
coarse-grained plutonic rocks than other rock types 
and particularly at the Kuittila prospect. Significant 
mass transfer anomalies are rare with other rock 
types orprospects. A subset of samples dominated by 
mass transfer of Mo and W was used to investigate 
the mass transfer relationships in the presence of 
highly anomalous Mo and W. It is important to 
consider the degree of mineralization, otherwise cor- 
relations between gains and losses of elements may 
be dominated by degree of mineralization rather than 
relationship due to mineralizing process. Hence, 
highly mineralized samples were defined as having 
more than 30 ppm Mo added and more than 10 ppm 
W added. This subset is dorninated by drill-core 
samples of coarse-grained plutonic rocks from the 
Kuittila prospect but includes also few outcrop sam- 
ples and drill-core samples from three other pros- 
pects. To enhance the effect of the Mo-W anomaly, 
the subset was further limited to the driil core sam- 
ples from Kuittila. 

For the Kuittila highly Mo-W mineralized subset 
of samples the relationship between and arnong ele- 
ments was analyzed by principal component and 
multidimensional scaling methods. Since the ele- 
mental mass transfer data are skewed, often similar 
to log-normal distribution, and containnegative num- 
bers, a matrix of rank correlations between pairs of 
elements was used. Elements that have no gain or 
loss (Table 4) and those with too few datain this sub- 
set of samples (Be, Br, Cs, Hg, Se, and U) were not 
included in the analysis. An initial principal compo- 
nent analysis was made on 21 mobile elements (Ag, 
As, Au, B, Bi, CO,, Cr, Cu, K,O, Li, LOI, Mo, Na,O, 
Pb, Rb, S, SiO,, Sr, Te, W, and Zn). Since a large 

number of elements complicates mathematical mod- 
els, the element list was systematically simplified by 
dropping elements on the basis of geochemical link- 
age with other elements, no preference for any prin- 
cipal component, or clear separation into a unique 
component representing a particular geochemical 
association. The initial principal component model 
with all elements suggested that CO, and LOI as well 
as K,O, Rb, and Li are closely related and could be 
simplified to CO, and K,O, respectively. Over 60 
different principal component models were analyzed 
since component loadings are effected by the number 
and combination of the elements. 

The mathematical models suggest that Mo and W 
represent geochemical associations that are distinct 
from Au, As, Cu and Zn (Table 5). Copper forms a 
distinct geochemical association including S and Bi 
that may be slightly related to Au but not to Mo or W. 
In some models As falls in the Au component. 
However, further principal component analysis and 
multidimensional scaling (Fig. 3) suggest that As 
forms a distinct geochemical association, with asso- 
ciated S, Au, Te, Si, K but not Bi. Silica is related to 
Au mineralization at Kuittila but not to Mo or W as 
first suspected. Although SiO, change is below the 
artificial elemental mobility range for most Hattu 
schist belt samples, except at Kuittila, these results 
suggest that the large artificial elemental mobility 
limits likely mask secondary variation of Si. The 
introduction of Si was accompanied by leaching of 
Na and Sr from mineralized rocks (opposite loading 
compared to SiO, in the Au component). Zinc forms 
a distinct geochemical association. The Au principal 
component often includes negative W whereas Mo is 
in a distinct principal component (Table 6). In simple 
models W is cmelated with the Mo component also. 



Geological Survey of Finland, Special Paper 17 
Theodore J.  Bornhorst and Kalevi Rasilainen 

Multidimensional scaling shows W as opposite to Au 
and actually closer to Mo (Fig. 3). Even though Mo 
and W are mathematically distinct, the enrichment of 
both at Kuittila, their fairly good correlation in most 
drill cores, and mineralogic data showing that tour- 
maline, scheelite and molybdenite are early ore min- 

Table 5. Geochemical associations within Kuittila Mo-W mineralized 
samples based on principal component and multidimensional scaling 
analysis. 

Princioal elements Elements of less im~ortance 

Mo w, Co, 
W B 
Au, Te, Bi, Ag K,O, SiO,, Na,O, Sr 
As S, Au, Te, SiO,, K,O 
Cu S, Bi 
Zn 

-L 

-2 -1 0 1 2 
Dimension 1 

erals before precipitation of Au (Kojonen et al., 
1993, this volume), indicate that Mo and W are likely 
a single geochemical association rather than two as 
given in Table 5. This is consistent with mathemat- 
ical analysis of the highly Au mineralized samples, 
discussed below, which indicates a single Mo, W, 
and CO, geochemical association. The affinities of B 
and CO, are unclear in analysis of the highly miner- 
alized Mo-W subset of samples. Boron seems to best 
form its own geochemical association but this prin- 
cipal component includes lesser correlation of W. 
The lack of stability between models suggests that B 
has mixed behavior. Carbon dioxide also seems to 
best form its own geochemical association and in- 
cludes Mo. Carbon dioxide has no affinity to Au-Te- 
Bi but does correlate with Mo and W, consistent with 
highly Au mineralized samples. The magnitude of 
elemental changes in highly Mo-W rnineralized rocks 
at Kuittila is shown in Figure 4. 

Table 6. Representative Varimax rotated loadings of a principal 
component analysis showing lack of association between Mo-W and 
Au. Highly Mo-W mineralized subset of samples used for analysis. 

Mass transfer Loading on Loading on 
of element principal principal 

component 1 component 2 

Ag 0.937 0.150 
Au 0.867 0.126 
Te 0.818 0.197 
Bi 0.775 -0.045 
W -0.684 0.222 
Mo 0.053 0.96 1 

Percent of total variance explained 

Fig. 3. Representative multidimensional scaling analysis showing the 
relationship between Mo-W and Au geochernical associations. 
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HIGHLY GOLD MINERALIZED SAMPLES 

Gold is the principal target of exploration in the Table 8. Geochemical associations within highly Au mineralized sam- 

Hattu schist belt. The relationship between Au and ples based on principal component analysis. 

other elements is important for determining 
Principalilements Elements of less importance 

geochemical pathfinders and for genetic models. 
Since the degree of mineralization varies within and k,:; :iy3 Hg3 

Cu, S 
U, Cs, Br, Li, Rb, Cu, Zn 

between the prospects, correlations among elements c u ,  s Te, Bi, MO, ~g 
can occur because of intensity rather than style of As B 1 

mineralizing processes. Thus, it is necessary to analyze Zn w, cu 
a subset of samples with similar degree of minerali- 
zation, thereby minirnizing correlation with intensi- 
ty . The degree of mineralization de~ends UPon manY the six different sobsets of highly Au mineralized 
factors and might be defined f0r a particular geneti- samples. These mathematical models were used to 
c d l ~  related grouP of elements by their mutual abun- identify geochemical associations (Table 8). Although 
dance. Since AU is the principal taget ekment, its differences exist among rnodels of particular combi- 
abundance was used as the pnncipal mOnitOr 0f nations of elements and subsets, the geochemical 
degree 0f mineralization. Six subsets 0f samples associations are remarkably consistent. The Mo-W- 
were defined with different restrictions On the degree CO, and Au-Te-Bi components are distinct and con- 
of mineralization. The most rectrictive subset in- ,iStent in virtually all principal component models 
cludes sam~leswithmorethan250 P P ~  Auaddedand from simple to complex. A representative varimax 
the least restricted subset includes samples with rotated principal Component analysis (Table 9) illus- 
more than 100 ppb Au zidded plus samples with trates the Mo-W-CO, and Au-Te-Bi geochemical 
anomalous amounts of Te, Bi, As, B, S, Cu, 01- Zn associations. Copper and Zn have small positive 
regardless of Au abundance (Table 7). The absolute correlation with theMo-W-CO, geochemical associ- 
magnitude of elementdchanges inhighl~ Auminer- ation. Also U, Cs, Br, Li, and Rb correlate with the 
alized samples V X ~ S  fr0m 0 t0 19543 times typical M~-W-CO, principal component. The effect of the 
background values (Fig. 5).  Since the ekmental relatively extreme Mo-W mineralized Kuittila sam- 
change data skewed and not nomally distributed ples was tested by excluding them from set 5 (Table 
andcontain negative numbers, rank correlations were 7). Even without the Kuittila samples M ~ ,  W, and 
used t0 analyZe elemental relationships by principal CO fom an identifiable geochemical association 2 COmpOnent and multidimensional scaling methods. that is distinct from A ~ ,  Te, and ~ i .  In addition, set 2 

Over 50 principal compOnent mOdels were cal- (Table 7) was analyzed by prospect and, although the 
culated using various combinations of elements in number of samples are limited, in most prospects 

Mo-W-CO2 association is identifiable. Thus, the 
Mo-W-CO, association is a regional feature distinct 

Table 7. Highly gold mineralized sets of campies used for mathematical from Au. The intensity of Mo-W mineralization 
models of geochemical associations. varies between prospects being most intense at 

Kuittila. Complete removal of the effects of Mo, W, 
Set Definition Number ~f and CO, by using a residual correlation matrix does 

(mass transfer of component) samples not change theprincipal components results for other 
1 Au>100 ppb or Te>800 ppb or Bi>2 ppm 470 elements. 

or As>350 pprn or B>1800 pprn 
or ~ 1 . 4  % orCu>l10ppm or Gold, Te, and Bi are closely associated with each 
Zn>75 pprn or Mo>70 pprn or 
W>90 ppm or C0,>2.2 % 

other (Table 9). This relationship is consistent in the 
various sets of highly Au mineralized samples. Sulfur 

Au>100 ppb or Te>800 ppb or Bi>2 ppm 4 18 
or Asi350 pprn or B>1800 pprn 

and Cu have a small positive correlation with the Au- 
or s>1.4 % or c u > l  10 ppm or Te-Bi component in many models. Bismuth is also 
Zn175 pprn consistently correlated in lesser magnitude with the 

3 A U > ~ O O  ppb 333 principal component dorninated by As. In a few 

4 ~ ~ ~ 2 5 0  ppb or Tei2000 ppb or 188 models the latter correlation causes Bi to associate 
AS>~OOO ppm or s > 2  % or B > ~ O O O  ppm with As rather than with Au and Te. Subdivision of 

5 ~ ~ 2 5 0  ppb 176 set 5 by prospects yields consistent results except for 
Kivisuo where Auis associated more with Cu and S 
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Table 9. Representative Varimax rotated principal component analysis of rank correla- 
tions for highly gold mineralized samples, set 5 in Table 7. 

Mass Loading on Loading on Loading on Loading on Loading on 
transfer of principd pnncipal principal principal pnncipal 

element component 1 component 2 component 3 component 4 component 5 

AU 0.830 0.051 -0.072 -0.085 0.191 

Zn -0.067 0.251 0.001 -0.019 0.886 

Percent of total variance explained 

than with Te and Bi. The small number of samples 
(30) makes these results of questionable significance 
except that Cu and S have some affinity to be associ- 
ated with Au. Silver, Hg (few data), and B are also 
highly correlated with the Au-Te-Bi principal com- 
ponent. 

Distinct and consistent Cu-S, As, and Zn 
geochemical associations are identified by principal 
component analysis (Tables 8 and 9). Tellurium, Bi, 
Mo and Hg have small, but consistent, positive cor- 
relation with the Cu-S geochemical association. Ar- 
senic strongly prefers its own principal component 
along with a small amount of Bi. Neither Au or Te 
have affinity to As. Models involving Zn are more 
consistent with other models when a separate factor 
is added for Zn. While not as distinct as As, Zn forms 
its own geochemical association. Both Cu and W 
have small positive correlation with the Zn principal 
component and Zn correlates slightly with the Mo- 
W-CO, component (Table 9). Potassium has no clear 
affinity to any particular geochemical association 
although it has small correlation with the Mo-W-CO, 
component. Principal component models involving 
K are more consistent with other models when K is a 
separate component. Whether or not it should be 
included as a separate geochemical association in 
Table 8 is uncertain. 

A set of only slightly mineralized samples with 
similar degree of mineralization was defined as hav- 
ing 4 to 12 ppb Au added and less than 500 ppb Te 

added, less than 0.75 pprn Bi added, less than 400 
pprn As added, less than 800 pprn B added, less than 
1.2 % S added, less than 1 10 pprn Cu added, less than 
70 pprn Mo added, and less than 90 pprn W added. In 
these slightly mineralized samples the principal com- 
ponents are Mo-W-CO,, Cu-S and Zn-As. Gold, Te 
and Bi are not considered because their variation is 
essentially eliminated from this set of samples. The 
significance of the combined As and Zn component 
is uncertain. Geochemical associations based on the 
slightly mineralized samples are quite similar to 
those based on highly mineralized samples. 

Geochemical associations as suggested by the 
Kuittila Mo-W mineralized samples (Table 5) are 
similar to those based on highly Au mineralized 
samples (Table 8). In the highly Au mineralized 
samples B is associated with Au, Te, and Bi and not 
with Mo and W and CO,. This might result from the 
dominance of Au mineralization masking correla- 
tion with the Mo-W-CO, association. The varied 
affinity of B suggests multiple pulses of B introduc- 
tion. The correlation of K with both Mo-W and Au at 
Kuittila is consistent with its mixed and uncertain 
association within highly Au mineralized samples. 

Selected (20) multidimensional scaling models 
confirm the results of the principal components anal- 
yses. Due to the number of distinct principal compo- 
nents, only simple scaling models were tested. Re- 
sults of these models are consistent with those of the 
principal components method. 
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VARIATION BETWEEN ROCK TYPES AND PROSPECTS 

The principal component score represents a multi- 
element composite for a particular geochemical as- 
sociation. As such, the principal component scores 
can readily be used to describe the intensity of each 
geochemical association. Variation in the intensity 
of a geochemical association is due to the spatial 
proximity with respect to the peak intensity for that 
geochemical association, and variation in the magni- 
tude of the peak intensity. In a restricted subset of 
samples (Table 7) little difference exists in the aver- 
age magnitude of the Au component scores between 
the prospects (Fig. 6).  However, the average magni- 
tude of component scores for other geochemical 
associations is, in some cases, different between 
prospects indicating that the maximum intensity of 
any one geochemical association does not necessar- 
ily correspond to the maximum of another. Such a 
conclusion is confirmed by the variation of the factor 
scores for individual drill holes (Figs. 7 and 8). 

An accurate comparison of fundamental 
geochemical character of the prospects and rock 
types with one another requires that rocks of equal 
intensity of mineralization be compared, otherwise 
differences may be due to the intensity rather than to 
the character of mineralizing processes. The relative 
gain or loss of an element divided by the principal 

component score for its geochernical association 
provides an intensity normalized measure which can 
be used to compare prospects and rock types. Al- 
though variation within prospects and rock types is 
large, clear differences in geochemical character do 
not exist between prospects (Fig. 9) or rock types 
(Fig. 10). The variation within prospects may mask 
minor differences in geochemical character. These 
results are consistent with an integrated regional 
hydrothermal system rather than small independent 
prospect specific systems which would likely have 
different geochemical character. Principal compo- 
nent analysis of highly Au mineralized samples from 
the various prospects yields the sarne geochemical 
associations as the data as a whole further supporting 
regional rather than prospect-scale processes. 

Correlation between principal component scores 
for all prospect samples and ranked abundances of 
individual elements is a method to evaluate the 
immobile character of those elements with no gain or 
loss beyond primary variation limits. By including 
all prospect samples no restriction is placed on de- 
gree of mineralization. Correlation with geochemical 
associations related to hydrothermal alteration is low 
for most of these elements consistent with relatively 
immobile character (Table 10). 

3  1 
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2 
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t .  
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Fig. 6. Variation of the principal component scores between the prospects. 1-Ramepuro, 2-Muurinsuo, 3-Elinsuo, 4- 
Kivisuo, 5-Ko~ilansuo, 6-Kuittila, 7-Kelokorpi. Sample set 1 in Table 7. 
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Fig. 7. Variation of the principal component scores for drill hole 325 
from Korvilansuo. 
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Fig. 8. Variation of the principal component scores for drill hole 355 
from Korvilansuo. 

DISCUSSION 

The geologic reality and temporal order of the 
geochemical associations based on mathematical 
analysis is confirmed by mineral paragenesis 
(Kojonen et al., 1993, this volume). Tourmaline, 
scheelite, and molybdenite are early formed ore 
related minerals before precipitation of Au (Fig. 1 1). 
The Mo-W-CO, geochemical association with lesser 
B, distinct from Au, is consistent with mineralogy. 
The mixed geochemical character of B (Tables 5 and 
8) supports multiple episodes of tourmaline. 
Arsenopyrite and pyrite are the next precipitated 

minerals, both before Au and overlapping with the 
end of molybdeniteprecipitation. The As geochemical 
association is distinct from Au. The lack of Fe in this 
association can be explained by a local source from 
the altered rocks themselves. Iron is a relatively 
immobile element (Table 4) but must have moved 
from original mineral sites to sulfide minerals. 
Pyrrhotine, chalcopyrite, and sphalerite precipitate 
during and after arsenopyrite and pyrite and just prior 
to and during Au precipitation. This is followed by 
galena, Bi, Au+Ag, cubanite, and tellurides. The 
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Prospect Rock type 
Fig. 9. Variation of mass change for Au, Te and Bi divided by principal Fig. 10. Variation of mass change for Au, Te and Bi divided by 
component score for the Au-Te-Bi association between the prospects. principal component score for the Au-Te-Bi association between the 
1-Ramepuro, 2-Muurinsuo, 3-Elinsuo, 4-Kivisuo, 5-Korvilansuo, 6- rock types. 1-extrusive igneous rocks, 2-sedimentary rocks, 3-coarse- 
Kuittila, 7-Kelokorpi. Sample set 1 in Table 7. grained plutonic rocks, 4-porphyritic fefsic dikes, 5-miscellaneous 

rocks. Sample set 1 in Table 7. 

geochemical data suggest a Cu-S association distinct 
from the Au-Te-Bi association but with some con- 
nection. Since chalcopyrite precipitates before and 
during Au precipitation and cubanite during, it seems 
reasonable that Cu may be associated with Au. Rela- 
tionship between the Zn geochemical association 
and mineralogic data is less clear. As a whole, the 
mineralogic data confirms the geochemical associa- 
tions as real and significant with respect to genesis 
and exploration. 

Despite protracted and complex interaction be- 
tween hydrothermal fluids androcks, the large number 
of widely distributed altered rock samples analyzed 
for multiple elements provides adequate data to ex- 

tract genetically significant geochemical associa- 
tions. The geochemical associations are consistent 
with temporally andlor spatially discrete pulses of 
mineral deposition (Fig. 1 1). An early pre-gold pulse 
of hydrothermal fluids introduced Mo, W, and CO, 
in variable amounts throughout the belt but at Kuittila 
they were relatively more important. Introduction of 
As with lesser Bi followed on a regional scale. 
Arsenic is not geochemically related to Au. As the 
hydrothermal system evolved, fluids coherently in- 
troduced Au, Te, Bi, Ag, and Hg. Although pathways 
for fluids are generally similar, the maximum inten- 
sity of Au mineralization may or may not be in the 
same place as maximum intensity of prior 
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Table 10. Correlation between ranked mass transfer of elements and principal component 
scores for all prospect samples. 

Mass Loading on Loading on Loading on Loading on Loading on 
transfer of pnncipal pnncipal principal pnncipal pnncipal 
element comoonent 1 comoonent 2 comDonent 3 comoonent 4 comoonent 5 

SiO, 0.079 0.361 -0.071 -0.002 -0.085 
TiO, -0.066 0.059 0.104 0.048 0.159 

A1,0, 0.058 0.160 -0.117 0.053 0.065 
Fe,O, 0.073 0.102 0.167 0.209 0.199 
MnO 0.194 
MgO -0.008 
CaO 0.070 

mineralizations. These geochemical associations pro- 
vide a mechanism to help interpret the exploration 
geochemical data (Rasilainen et al., 1993, this vol- 
urne). 

Fig. 1 1. Connection between the geochemical associations and miner- 
alogy. Minerais that correspond to the geochemical associations are 
marked with pattern. The paragenetic table is drawn after Kojonen et 
al. (1993, this volume). 

Scheeiiie 
Molybdenite 
Tounnaline 
Arsenopyrite 
Pyriie 
Pyrrhotine 
Chalwpyrite 
Sphalerite 
Gaiena 
Bi 
Au + Ag 
Teiiurides 
Penthndite 
Cubanite 
Mackinawite 
Marcasite 

CONCLUSIONS 

Altered rocks at prospects from the Hattu schist 
belt represent a composite of complex interaction 
with evolving hydrothermal fluids. Quantitative mass 
transfer calculations show that a number of elements 
were relatively unaffected by hydrothermal altera- 
tion, they have no gain or loss beyond reasonable 
limits expected for primary processes. These immo- 
bile elements include Al, Ca, Ce, Eu, Fe, Hf, La, Lu, 
Mg, Mn, Nb, Nd, Ni, P, Sc, Sm, Th, Ti, V, Y, Yb, and 
Zr. For some elements, such as SiO,, Na,O and K,O, 
secondary elemental mobility is largely masked by 
difficulty in defining parent rock composition lead- 

Mo-W-CO* association 
lIUEQ - 

As association 
u - 

CU-S association 
Zn association 
0 

Au-Bi-Te association --- 
- 

Decreasing temperature' 

ing to very large primary variation limits. For such 
elements only a few samples fall outside of the 
primary variation limits. The relationships among 
mass transfer of elements yield five distinct 
geochemical associations: (1) Mo-W-CO,, (2) Au- 
Te-Bi, (3) Cu-S, (4) As, and ( 5 )  Zn. Although data 
quality is poor for Ag and number small for Hg, these 
two elements are associated with the Au-Te-Bi 
geochemical association. The geochemical associa- 
tions are regional in extent and are of similar charac- 
ter in all prospects. Thus, the hydrothermal system 
was integrated on a regional scale rather than com- 
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posed of isolated areas of hydrothermal activity of hydrothermal fluid-rock interaction andlor mag- 
associated with each prospect. However, the intensi- nitude of the maximum. Maximum intensity of one 
ty of a particular geochemical association varies geochemical association does not necessarily corre- 
within and between prospects due to proximity of spond in space to that of other associations. 
specific samples with respect to the spatial maximum 
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Gold mineralization in the Hattu schist belt is hosted by tonalitic stocks, 
felsic porhyry dikes and epiclastic metasediments within shear zones charac- 
terized by extensive hydrothermal alteration. Although disseminated ore 
predominates, a complex sequence of vein types is associated with many of the 
occurrences. These include main-stage, Au-bearing quartz + sulfidef tourma- 
line + calcite veins, locally abundant quartz + scheelite + rnolybdenite I 
pyrrhotite I tourrnaline veins which mostly predate the ore and barren quartz 
+ albite + calcite+ muscovite veins which cross-cut gold mineralization. Other 
less common vein minerals are biotite, actinolite, epidote, apatite, pyrite and 
base metal sulfides. 

Vein quartz associated with the Hattu gold mineralization does not have the 
uniform 6180 values typical of Archean mesothermal gold deposits in other 
continents. Although most of the quartz samples analyzed have 6180 values 
from 9 to 12 "/"II, there is distinct shift to lower values in two mineralized 
occurrences (down to 4.3 "IOO) and in a couple of host rock samples. However, 
the different vein generations have similar quartz isotopic compositions. 
Many samples indicate isotopic disequilibrium, and some have reversed 
quartz-mineral 6180 fractionation. For example, tourmaline has 6180 up to 
3 "10o higher than coexisting quartz and has a relatively uniform oxygen isotopic 
composition throughout the belt. Biotites from mineralized veins have heavier 
6D (mostly -47 to -67 "Ioo) than vein actinolites (-88 to -1 10 "/on), tourmalines 
(-96 to -140 %m) and muscovite (-77 "/on), which is reverse from the anticipated 
deuterium enrichments for hydrous minerals if they were all in equilibrium 
with the same fluid. 

Proterozoic WAr ages (18 1 1 to 1707 Ma) and apoorly constrained Proterozoic 
(1655 + 290 Ma) Rb-Sr isochron from the micas indicate a significant 
Proterozoic metamorphic event around 1800 Ma which reset the isotope 
systems. Tourmaline with very radiogenic Sr is also interpreted to represent 
recrystallization and resetting at the same time. The metarnorphic process was 
evidently due to deep burial of the Archean basement below Proterozoic 
sediments. It is suggested that sediment-hosted brines, with a meteoric isotope 
signature, circulated along permeable structural zones in the basement and 
caused complete resetting of biotite and locally also of quartz and other 
minerals. However, some infiltration of Archean meteoric waters during 
intrusion of late granites cannot be ruled out. Due to the meteoric overprint, 
temperature estimates based on some coexisting mineral pairs give unréalis- 
tically high values and calculated fluid compositions plot close to present day 
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oceanic water. However, locally the quartz-calcite, quartz-albite, quartz- 
muscovite, quartz-chlorite and quartz-scheelite pairs may have retained their 
Archean compositions. These indicate fluid temperatures from 360 to 470 "C 
and fluid oxygen and hydrogen isotopic compositions similar to mineralizing 
fluids calculated for Archean mesothermal gold deposits in other continents. 

Key words (GeoRef Thesaurus, AGI): gold ores, isotopes, oxygen, hydrogen, 
strontium, mineral deposits, genesis, hydrothermal processes, greenstone 
belts, Archean, Hattu, Ilomantsi, eastern Finland. 

Hugh O'Brienq Pekka A. Nurmi and Juha A. Karhu, Geological Survey of 
Finland, FIN-02150 Espoo, Finland 
*Present address: Department of Geological Sciences, AJ-20, University of 
Washington, Seattle, WA, 98195 USA 

INTRODUCTION 

The Archean Hattu schist belt, the eastern sedi- 
ment-dominated arm of the Ilomantsi Greenstone 
Belt in eastern Finland, contains mesothermal gold MUSCW~~~-touma~ine 

mineralization associated with shear zones several 
kilometers in length along which extensive 
hydrothermal alteration developed (Nurmi et al., Bio* tonalite 

1993, this volume). Over ten gold occurrences have 
so far been located by diamond drilling from the >40 
km long, geochemically anomalous belt (Fig. 
l)(Hartikainen and Nurmi, 1993, this volume). The Maiic & uihmfic mks 

and imn fonnations gold occurrences, which are invariably hosted by 
tonalites, felsic porphyry dikes and epiclastic High strain zones 

metasediments, are characterized by sulfide 4 G O I ~  occunences 

disseminations and minor quartz + sulfide f tourma- 
n Settlement 

line f calcite vein systems. Mineralization in the 
Hattu schist belt shares many features commonly 
seen in other Archean greenstone Au occurrences, 
for example, the Superior Province of Canada (e.g., 
Colvine et al., 1988; Robert, 1991), the Yilgarn of 
western Australia (Groves et al., 1991) and the 
Barberton greenstone belt, South Africa (de Ronde et 
al, 1991). These include localization of mineraliza- 
tion along major structures, spatial association of the 
rnineralization with internal tonalite plutons and 
quartz porphyry dikes, the common metal associa- 
tion of Au - Te - Ag f B f Bi f As f W typically with 
low base metals contents, and extensive hydrothermal 
alteration, comprising hydration, K alteration and 
carbonation (although carbonation is 0nly 10cally Fig. 1. Generalized geological rnap of the Hattu schist belt, Ilomantsi, 

strongly developed in the Hattu schist belt). Archean showing rnajor lithologies, regionai shear zones and location of gold 
occurrences. mesothermal gold mineralization has been related to 

crustal-scale hydrothermal processes involving vo- 
luminous fluid flow (Groves and Foster, 1991). 

Determining the source(s) of the mineralizing rows et al., 1986; Cameron and Hattori, 1987; 
fluids is, however, problematic. Fluids of the type we Spooner, 199 l), granulitization associated withman- 
describe here have been variously attributed to tle-derived CO, (Cameron, 1988; Colvine et al., 
evolved meteoric waters (e.g., Nesbitt and 1988), or metamorphic fluids (Kerrich and Fryer, 
Muehlenbachs, 1989), magmatic fluids (e.g., Bur- 1979; Kerrich and Feng, 1992). Much of the ambigu- 
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ity comes from the fact that all of these fluids can 
develop oxygen and hydrogen isotopic compositions 
within the range of fluids calculated for Archean 
mesothermal Au deposits. 

In this paper we report oxygen and hydrogen 
isotopic data mainly on minerals from gold-bearing 
veins and recrystallized and rnineralized rocks adja- 
cent to the veins. Some data were also acquired on 
minerals from unmineralized host lithologies. The 
results are used to estirnate intensive parameters of 

fluids in equilibrium with these minerals. However, 
these calculations are considered approximate be- 
cause in a number of samples there is significant 
disequilibrium between coexisting minerals based 
on known fractionation factors for oxygen. Stron- 
tium isotopic data from tourmaline and biotite, cou- 
pled with several K-Ar ages from biotite, indicate 
that most of the disequilibria may be due to resetting 
and recrystallization during the Proterozoic. 

ISOTOPE SAMPLES 

In the Hattu schist belt, the sequence of vein types 
is complex, locally comprising quartz + scheelite + 
molybdenite f pyrrhotite f tourmaline assemblages 
(samples M3lA and R3041121.95; Table 1) mostly 
predating the main stage, Au-bearing quartz + tour- 
maline f sulfide veins. Other less common vein 
minerals are biotite, muscovite, actinolite, albite, 
epidote, carbonate, apatite, pyrite, galena, sphalerite 
(Kojonen et al., 1993, this volume). Later coarse 
quartz + albite + calcite + muscovite veins (sample 
R3051111.7; Table 1) clearly cross-cut mineraliza- 
tion at the Kuittila occurrence, postdate D2, and do 
not contain gold or sulfides. The mineralized veins 
are typically thin (from centimeters to tens of 
centimeters) and in most cases their economic signif- 
icance is minor compared to the disseminated main 
ore type (Nurmi et al., 1993, this volume). 

Gold mineralization at the prospects of (arranged 
south to north) Kelokorpi, Kuittila, Korvilansuo, 
Kivisuo, Elinsuo, Muurinsuo, Ramepuro, Ward, and 
Korpilampi were sampled for this study (Fig. 1). 
Detailed sample descriptions are given in the appen- 
dix, descriptions of the mineralogy at each of the 

prospects are given in Kojonen et al. (1993, this 
volume), and general geology of the deposits is 
discussed by Nurmi et al. (1993, this volume). 

Table 1 comprises a list of minerals studied and an 
abbreviated sample description. All relatively coarse 
quartz was handpicked to greater than 99% purity. In 
those samples with fine-grained quartz-feldspar 
intergrowths, heavy liquid separation was used to 
make quartz fractions with greater than 95% purity as 
determined by XRD. The remaining minerals were 
taken from appropriate density and magnetic frac- 
tions and checked for purity by XRD and visual 
inspection. Stable isotope and WAr analyses were 
performed by Krueger Enterprises, Inc., Cambridge, 
Massachusetts. All stable isotope data have internal 
precision better than 0.2 OIOO and external accuracy 
better than 0.5 "Ioo including mass spectrometer and 
sampling error. WAr ages were measured on the 
same vials of mica separates used for the oxygen and 
hydrogen isotopic analyses. Analytical methods for 
Sr isotopic analyses are given in O'Brien et al. (1 993, 
this volume). 

RESULTS 

Quartz 6180 

Oxygen isotopic compositions were measured on 
57 mineral separates from 28 Hattu schist belt sam- 
ples, including 26 quartz separates. The resulting 
6180 values are given in Table 2 and plotted in Figure 
2 along with vein quartz data from other Archean 
gold-bearing mesotherrnal deposits. From this com- 
parison it is clear that the vein quartz samples from 
the Hattu schist belt range to much lower 6180 than is 
typical for mesothermal deposits. All data from the 
Muurinsuo, Kivisuo, Korvilansuo and Kelokorpi 

prospects show a relatively tight clustering between 
8.6 and 12.3 Olm, similar to values from Kambalda 
(Fig. 2), but somewhat lower than those from the 
Abitibi belt (6'80 = 12.5-15.0 Oloa; Kerrich, 1987). 
However, some vein quartz from the Kuittila and 
Ramepuro occurrences show shift towards anoma- 
lously low 6180 values (6l80 down to 4.3 OIOO). The 
late stage vein from Kuittila (R3051111.7) and one of 
the early molybdenite-scheelite-bearing veins (M31 
A) have quartz that is isotopically similar to most of 



Ttble 1. Isotope samples from gold mineralization and host rocks in the Hattu schist belt, Ilomantsi. 

Prospect Dnil Hole Depth X-Coord Y-Coord Minerals Bnef Descnption (detailed descnptions iu Appendix) 

Naarva (gran- 
ite) 
Korpilampi 
Ward 

Rämepuro 
Rämepuro 
Muunnsuo 

Muunnsuo 
Muunnsuo 

Muunnsuo 
Muucinsuo 
Elinsuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Kivisuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Korvilansuo 
Kuittila 
Kuittila 
Kuittila 
Kliittila 
Kuittila 
Kuittila 
Kelokorpi 

PGW87 
-2019 
R1301 
2E 

3 @it) 
Pit 
R338 

R338 
R341 

R365 
R342 
R354 
R350 
R350 
R348 
R345 
R347 
R344 
P57 1 
R376 
R355 
R326 
R328 
M3 PitA 
R305 
R310 
R309 
R309 
R304 
R329 

Outcrop 

7.70 
Surface 

Surface 
Surface 
112.80 

93.20 
34.30 

102.90 
96.90 
76.3 
78.40 
76.10 
58.30 

136.20 
41.50 
136.20 
28.60 
56.70 
94.80 
67.00 
132.00 
Surface 
111.70 
134.35 
127.40 
126.00 
121.95 
138.60 

Quartz, muscovite, tourmaline 

Quartz, tourmaline 
Quartz, biotite, plagioclase 

Quartz, tourmaline, muscovite 
Quartz 
Quartz 1, quartz 2, actinolite, al- 
bite, biotite 
Quartz 
Quartz, albite, biotite, epidote 

Quartz 
Quartz 
Tourmaline 
Quartz, epidote, biotite, scheelite 
Quartz, tourmaline 
Quartz 
Quartz, actinolite 
Quartz, tourmaline 
Quartz, calcite 
Scheelite 
Quartz 
Quartz, tourmaline 
Quartz, chlonte, muscovite, garnet 
Quartz, calcite 
Quartz, scheelite 
Quartz, albite, calcite 
Quartz, biotite 
Quartz, biotite 
Quartz 
Quartz 
Quartz 

Two mica leucogranite 

Quartz + tourmaline pegmatite near highway 
Quartz vein in "metatonalite", abundant mica along fractures and developed in 
foliation 
Fine-grained muscovite + chlonte schist with pervasive quartz + tourmaline veins 
Same as previous 
Two types of quartz with actinolite + biotite + pyrrohtite + apatite 

Relatively mafic schist with medium-grained quartz veins 
Vein of coarse q u m  + pynohtite with some large 
albite grains in epidote + biotite host rock 
Quartz + pyrrhotite vein in relatively mafic schist with some garnet 
Quartz vein in fine-grained metagraywacke 
Aggregates of tourmaline in quartz vein + pyrrhotie + biotite + sencite 
Coarse quartz + scheelite + epidote vein, quartz fluid inclusions studied 
Tourmaiine + quartz with disseminated scheelite cut by quartz + pynte vein 
Quartz vein with pyrrhotite cutting layered tourmaline + quartz + pyrrhotite 
Massive actinolite cut by quartz vein 
High grade Au ore, massive fine tourmaline adjacent to coarse quartz 
Quartz phenocrysts in porphyry dike, quattz/plagioclace about 1110 
Quartz + scheelite veins in porphyry 
Massive biotite vein cutting across massive, coarse quattz 
Massive quartz, in part intergrown with coarse tourmaline in schist 
Gamet bearing mica schist, gamet spatially associated with pyrrhotite 
Quartz + sulfide vein in calcite-bearing recystallized tonalite or porphyry dike 
Tonalite from pit, quartz veins with up to lcm scheelite and sulfides 
Late stage (3rd) qiiartz + muscovite + albite veins, younger than Au 
Massive Biotite cut by Quartz vein, in Au-bearing schist <2m from tonalite 
Biotite + quartz + calcite as replacement of Kuittila tonalite 
Tonalite replaced by fine-grained quartz + biotite veins; bleached 
Quartz + scheelite veins in tonalite 
Quartz veins in biotite schist, high grade Au-mineralization 



Geological Survey of Finland, Special Paper 17 
Oxygen, hydrogen and strontium isotopic compositions of gold mineralization ... 

Au Vein Quartz 
- -- 

Archean 
n" 

Barberton 
Kambalda 
Hattu Vein 
Hattu Hoct 
Dome Mine Vein 
Dome Mine Host 
Kerr-Add Vein 
Kerr-Add Host 

6180 per mil 
Fig. 2. 6'Q0,,,, of quartz from samples of the Hattu schist belt, Ilomantsi and from other Archean lode 
gold occurrences. Data references are: Barberton (de Ronde et al, 199 l) ,  Kambalda (Golding & Wilson, 
1987; Golding et al., 1989), Dome mine (Kerrich & Fryer, 1979), Kerr-Addison (Kishida & Kerrich, 
1987). 

the main stage veins, but the other early stage vein 
(R304112 1.95) has quartz with anomalously light 
6180. Thus the results do not indicate systematic 
differences between the various vein generations at 
the Kuittila prospect. 

Four country rock quartz samples were also ana- 
lysed (Table 2). These include sample R326167, a 
garnet-bearing chlorite-muscovite schist represent- 
ing the alteration domain of the Korvilansuo pros- 
pect (6180 = 12.3 Oloa); R3441136.2, quartzphenocrysts 
from a porphyry dike at Kivisuo (6180 = 9.7 Oloa); and 
quartz from two atypical intrusive rocks that are 
compositionally similar, a two mica lencogranite 
from the major Naarva pluton in the northern part of 
the area (6180 = 5.3 %II) and a muscovite-tourmaline 
pegmatite from the Korpilampi prospect (6180 = 

5.2 'IIM). As controls on the background 6180 compo- 
sition, the intrusive host rock samples turned out to 
be somewhat problematic in that the porphyry dike 
quartz phenocrysts with 6'80 = 9.7 Olo" have quite 
distinct compositions from the 6180 = 5 O/OO measured 
on quartz from the leucogranite and pegmatite. How- 
ever, major and trace element data suggest that the 
porphyry dikes were derived from the same magmas 
as the tonalite stocks (O'Brien at al., 1993, this 
volume). The valueof about 10 is therefore likely the 
primary 6180 composition of quartz from the tonalites 
in the Hattu schist belt. In other Archean mesothermal 
gold districts, host rock quartz tends to have sligthly 
lower 6IXO values than vein quartz from gold depos- 
its (Kerrich, 1987). 
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Table 2. Oxygen isotope compositions (6'80sMq, in "Ioii) of mineral separates From gold prospects and host rocks in the 
Hattu schist belt, Ilomantsi (qtz =quartz, bt = biotite, sche = scheelite, tour = tourmaline, ab = albite, act = actinolite, ep 
= epidote, musc = muscovite, and chl = chlorite). 

Sample # Qtz Bt Cal Sche Tour Ab Act Ep Musc Chl 

Naarva grunite:PWG-87-2019 5.3 7.2 
Korpilampi: R30717.7 5.2 8.7 
Ward: 2E 11.2 4.0 9.4 
Rrrmepuro: pit 8.7 
3 (pit) 6.3 Q n 4.7 

Muurinsuo: R3381112.8 10.9 6.6- 8.9 
R338193.2 10.8 10.7 
R341134.3 11.4 8.6 -0.6 
R3651102.9 11.0 
R342196.9 11.1 10.3 
Elinsuo: R354176.3 10.0 
Kivisuo: R350178.4 11.0 5.8 4.1 2.9 
R350176.1 9.0 9.7 
R348158.3 8.6 
R3451136.2 11.8 
R34714 1.5 11.0 10.3 
R3441136.2 9.7 11.7 
P571128.6 -2.1 

- 

Korvzlarz.suo: R376156.7 11.7 
R355194.8 10.1 10.5 
R326167.0 12.3 
R3281132 11 0 10.9 1.7 

Kuirtrla: M3lA 9.3 
R3051111.7 9.5 9.3 
R3101134.4 8.9 3.9 
R3091127.4 6.1 1.0 
R3091126 4.5 
R3041121.95 4.3 

Kelokorpi: R3291138.6 10.3 

North 

v ~ u a r t z  

B Biotite 
7 

0 Calcite 

T Tourmaline 

1 Albite 

Epidote 

Muscovite 

rn Actinolite 

South 

Hattu Schist Belt Minerals 
-- 

Q T....e Naarva Leucogranite 
Korpilampi Pegmatite 

7 Rarnepuro Schist 

,. 

l<uittiia 

Tonal ite 

6180 per mii 
Fig. 3. 61XOsM,, of coexisting minerals from samples of the Hattu schist belt, Ilomantsi, arranged from 
south (bottom) to north (top). 
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6180 in coexisting mineral pairs 

The 6180 values of quartz and the remaining min- 
erals are arranged in sequence of location in the Hattu 
schist belt from south (bottom) to north (top) in Table 
2 and Figure 3. All of the minerals analyzed in this 
study should be less enriched in 6IXO than quartz if 
equilibrium conditions prevailed. In many of the 
Hattu schist belt samples this relationship is true. 
However, coexisting mineral-quartz 6180 fractiona- 
tions are not consistent and the tourmaline 6180 
values areroughly similar in all of the samples, 9.0 to 
10.5 O/OO for samples from Au prospects, and 7.2 and 
8.7 '%)o for samples from the tourmaline granites, 
regardless of the coexisting quartz composition (Ta- 
ble 2, Fig. 3). Tourmaline should have 6Is0 from 1.5 
to 2.5 "10" lower than coexisting quartz according to 

Taylor et al. (1992). Instead, in all but one sample 
(R347141.5) the tourmaline 6 1 X 0  values are higher 
than those in coexisting quartz. 

Additionally, three out of the four calcite samples 
are apparently ont of equilibrium with the coexisting 
quartz. This is particularly perplexing for the third 
stage vein sample (R3051111.7) where coarse quartz, 
albite, and calcite are in direct contact. These results 
indicate that the isotopic composition of the analysed 
minerals are not governed only by the mineralizing 
process, but later resetting must have affected the 
oxygen isotope system. However, other authors 
(Golding et al., 1989; Peters and Golding, 1989; 
Kerrich, 1986, 1989) have also reported apparent 
disequilibrium between quartz-calcite pairs. 

Mineral6D compositions 

Hydrogen analyses were made on 16 Hattu schist 
belt countryrock and gold vein minerals: 5 biotites, 5 
tourmalines, 3 muscovites, 2 actinolites, and 1 
chlorite. The 6D values of mineralized samples are: 
tourmaline -96 to -140 O / ~ o ,  biotite -47 to -86 "100, 
actinolite -88 to - 1 10 %II, and one muscovite with 6D 
of -82 O/O" (Table 3). Host rock muscovites have 6D 
of - 1 17 "100 from the Naarva granite and -77 %O in the 
muscovite-chlorite schist from Korvilansuo. Except 
for biotite from the Ward prospect (6D = -86 "Ioo, 
taken from recystallized biotite in a strong foliation) 
all other biotite samples are from within mineralized 
veins and show a median 6D of -57 + 10 O/OO (n=4). 
This value is almost identical to the median 6D in 
biotites from the Princess Royal mine in western 
Australia (6D = -56 rt 4 "/CO, n = 5; Golding and Wilson, 
1989). However, biotite should have lighter 6D than the 
other analysed hydrous rninerals if they were in equilib- 
rium with the same fluid (Suzuoki and Epstein, 1976). 

Table 3. Hydrogen isotope compositions (6D,,,, in "Iiiii ) af mineral 
separates from gold prospects and host rocks in the Hattu schist belt, 
Ilomantsi (bt = biotite, tour = tourmaline, act = actinolite, musc = 
muscovite, and chl = chlorite). 

Sample # Bt Tour Act Musc Chl 

Naarva granire: 
PWG-87-20 19 
Ward: 2E -86 
Rutnepuro: 3 -96 

Elinsuo: R354176.3 -97 
Kivisuo: R350176.1 -114 

R3451136.2 -1 10 
R334714 1.5 -140 

Kuittila: R3 1011 34.4 -47 
R3091127.4 -60 

Oxygen isotope thermometry and calculated 6180-D fluid compositions 

The degree of disequilibrium in the oxygen iso- 
topes noted above between coexisting minerals from 
samples of the gold-bearing veins makes interpreta- 
tion of calculated temperatures and fluid parameters 
very difficult. These calculations assume equilibri- 
um conditions and it is clear that this was not the case 
for a number of the mineral pairs we have analyzed. 
Nevertheless it is important to check for systematics 
in the data set which may indicate some degree of 
equilibrium between certain mineral pairs. Subse- 
quent to describing all of the isotopic data, we will 
attempt to decipher the relevance of these values to 

the ore-bearing fluid and the complex history of 
these samples (see discussion). 

Deposition temperatures for mesothermal depos- 
its in other continents show a wide range from 200 to 
450 "C, but most estimates fall between 250 and 350 
"C (Groves and Foster, 1991). Temperatures calcu- 
lated for the Hattu schist belt gold prospects using 
intermineral 6lX0 fractionation factors (Table 4) are 
listed in Table 5. Most of the quartz-calcite and 
quartz-albite samples give meaningless temperatures 
(about or >900 "C) because the coexisting quartz, 
albite and calcite do not show any significant differ- 
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ence in their 'WJ1Q ratios. Only in the sample from 
the Ward deposit (Table 5) do quartz-albite and 
quartz-calcite calculated temperatures (360 "C and 
470 "C) seem at all reasonable. 

Quartz-muscovite and quartz-chlorite gave 41 1 
"C and 473 "C, respectively, for the chlorite-musco- 
vite schist sample (R326167) representing the altera- 
tion domain of the Korvilansuo prospect. However, 
quartz-muscovite from the Ramepuro 3 sample gives 
720 "C indicating extreme disequilibrium. The quartz- 
biotite temperatures are higher than calculated from 
other mineral pairs which may be due to Proterozoic 
resetting of the biotite (see below). Quartz-scheelite 

Table 5. Calculated temperatures (in "C) based on mineral pair oxygen 
isotope fractionation of samples from gold prospects in the Huttu schist 
belt, Ilomantsi. Mincral appreviations as in Table 3. 

Sample Qtz-Biot Qtz-Musc Qtz-Chl Qtz-Sche Qtz-Cal Qtz-Ab 

Ward l 380 
Riimepuro 3 
R3381112.8 580 
R34 1134.3 820' 
R350178.4 500 
R326167 
R3281132 
M3 Pit A 
R3051111.7 
R3 101 134.4 500 
R3091127.4 500 

'Tourmaline is this sample has higher 6180 than coexisting quartz. 
Table 4. Oxygen fraciionation geothermometry equations used in this , -Sample is a quartz + albite + pyrrohiite vein cutting a biotite + epidote 
study. 

host. The vein may have never been in equilibrium with the host. 

Mineral Pair A B Reference 

Quartz - albite 0.50 0 Matthews et UI., 1983a 
samples from the Kivisuo and Kuittila prospects 

Quartz - calcite 0.50 0 Matthews et UI., 1983b exhibit reasonable values and a limited range for the 
Quart7 - chlorite 2.0 1 I .99 Wenner & Taylor, 197 1 
Quartz - muscovite 2.20 -0.60 Bottinga & Javoy, 1973 & 1975 deposition temperature (360 and 41 1 "C), but only 
Quartz - scheelite 1.95 2.73 Wesolowski & Ohmoto, 1986 two sampies were determined. 

Note: A and B are coefficients for 1000 In a = A(lOhT-') + B; T is in 
Even though there is uncertainty as to what 

degrees Kclviii. Quartz - biotite temperatures calculatcd froin the h~drothermal fluid Or metamOr~hic event, if a n ~ ,  the 
eq;ilibriuin curve presenied by ~ h i e h  and Schwarcz (1974). temperatures calculated by these methods represent, 

- 

- 

Metamorphic H,O j - 
(300-600 "C) i 

lite + Muscovite i - 

Hollinger Calculated Fluid - 

I , , , , I , , , , I , , , .  

6180 per mil 
Fig. 4. Calculated fluids (diagonal ruled fields) in equilibrium with biotite and actinolite + muscovite 
Irom the Hattu schist belt samples compared to ore forming fluids of the Hollinger mine (Kerrich, 1986; 
Kishida and Kerrich, 1987). fluids decrepitated from fluid inclusion~ in Hollinger mine samples (Fyon 
et al.. 1983), the calculated ore forming fluids from the Kerr-Addison mine (Kishida and Kerrich, 1987) 
and the fields for maginatic H 2 0  aiid ineteoric H,O (Taylor, 1974). 
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it is possible that isotopic signatures of the gold 
mineralization were locally preserved in some of the 
minerals, and the range of 360 to 470 "C is reasona- 
ble for a mesothermal gold ore-bearing fluid. How- 
ever, this temperature is at the maximum of the range 
300 to 425 "C determined from fluid inclusion data 
on quartz taken from the same samples used in this 
study (Bornhorst and Wilkin, 1993, this volume), 
and the range of 250 to >400 "C suggested by 
arsenopyrite thermometry and Te-Bi mineralogy for 
the gold occurrences (Kojonen et al., 1993, this 
volume). 

The range of fluid compositions in equilibrium 
with quartz and coexisting hydrous phase calculated 
at 400 "C are shown in Figure 4. Mineral-fluid 
fractionation values used for 6180 and 6D are from 
Claytonet al. (1972) and Suzouki andEpstein (1976), 

respectively. The calculated fluid compositions plot 
in two distinct fields in Figure 4. The fluid calculated 
to be in equilibrium with the biotite samples has 
significantly lighter oxygen and hydrogen than the 
fluid calculated for actinolite or muscovite. In fact, 
the biotite fluid field is very near the composition for 
present day oceanic water. Water decrepitated from 
fluid inclusion samples of the Hollinger mine in the 
Abitibi subprovince (Fyon et al., 1983) has similar 
compositions. In contrast, the fluids calculated based 
on actinolite and muscovite are similar to fluids 
calculated for Archean lode gold deposits for the 
Canadian shield (Kishida and Kerrich, 1987). Note 
that the Ramepuro 3 sample would expand the 6180 
range of the latter field, but we have excluded it based 
on the extreme oxygen thermometry temperature 
(720 "C). 

KIAr ages of mica, and Sr isotopes of mica and tourmaline 

Further evidence for the resetting of geochemical 
systems in minerals from the Hattu schist belt gold- 
bearing samples comes from radiogenic isotopes. 
Listed in Table 6 are WAr ages and Sr isotopic data 
from minerals that represent a complete range of 
occurrence type. These are: muscovite from 
countryrocks, biotite or muscovite developed in 
foliations in countryrock, biotite or tourmaline where 
these minerals have nearly completely replaced the 
countryrock and biotite or tourmaline from discrete, 
quartz-rich, sulfide-bearing veins. 

The Hattu schist belt is Late Archean in age (2.75 
Ga) as determined by U-Pb zircon ages (Vaasjoki et 
al., 1993, this volume) and Sr isotopes (O'Brien et 
al., 1993, this volume). However, all six of the micas 
we analyzed by WAr give Proterozoic ages. Musco- 

vite from the Naarva leucogranite at the northern end 
of the Hattu schist belt gives 179 1 f 40 Ma. The same 
age is indicated for biotite from a recrystallized 
intrusive rock of the Ward deposit which contains 
quartz veins with visible gold. The oldest age from 
the group of six K/Ar samples is 181 1 f 40 Ma, 
obtained from muscovite in a garnet-bearing chlorite, 
muscovite schist. In contrast, fine-grained musco- 
vite from an intensely hydrothermally altered chlorite 
muscovite schist sample (Ramepuro 3) filled with 
quartz + tourmaline veins gives 1707 f. 37 Ma, the 
youngest WAr age we obtained. The very small 
grain size of the muscovite in this sample may have 
facilitated resetting. Biotite separated from replaced 
and recrystallized, gold-bearing Kuittila tonalite give 
1764 + 40 and 1754 f 40 Ma, very near the mean for 

Table 6. K/Ar ages (in Ma), Sr and Rb concentrations by isotope dilution, and Sr isotopic compositions of samples from 
the Hattu Schist Belt, Ilomantsi. 

Sample MinerallRock Type KIAr age Rb (ppm) Sr (ppm) "RbP6Sr 87Sr/86Sr 

PGW-20 19 Muscovite C 1791I39 171.6 9.65 51.480 2.122029353 
Ward 2 E Biotite F 1791MO 194.9 45.0 12.537 3.0486916 
Rämepuro 3 Muscovite F 1707137 319.3 18.1 5 1.083 1.98782+ 13 
R3381112.8 Biotite V 449.5 6.66 195.48 5.42738I6 
R341134.3 Biotite R 
R326167 Muscovite C 181 1+40 420.3 48.5 25.100 1.25 194+5 
R3101134.4 Biotite R 1764I40 460.6 2.72 490.55 1 1.4043+15 
R309f 127.4 Biotite R 1754I40 2.88 1388.5 0.00601 0.701917+7 
Ramepuro 3 Tourmaline V 2.23 438.2 0.01475 0.7087 13I7 
R354176.1 Tourmaline V 3.35 438.6 0.022 10 0.704624I6 
R350176.3 Tourmaline R 1.41 239.4 0.01710 0.713268k7 
R347141.5 Tourmaline V 4.12 498.0 0.02394 0.704420f7 
R355194.8 Tourmaline R 

- 

Mineral types are: C = countryrock, F = mineral grown in a distinct foliation, R = completely replaced countryock, 
V = vein. All isotopic ratios normalized to 86SrPSr = 0.1 194. Measurements of 87Sr/86Sr on National Bureau of Standards 
SRM987 (n = 33) during the period of sample analysis gave 0.710232122 (62 
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this sample set. These data are in accordance with the 
WAr isotope study on biotite and hornblende from 
throughout the Archean terrain in eastern Finland, 
which indicates almost complete regional resetting 
around 1800 Ma (Kontinen et al., 1992). These ages 
presumably represent uplift following crustal thick- 
ening during the Svecokarelian orogeny at about 
1900 Ma. 

Strontium isotopic compositions of the biotite and 
muscovite separates indicate the same pervasive 
Proterozoic resetting. The mica data from Table 6 
produce a very poorly constrained isochron 
(errorchron) of 1665 + 290 Ma (Fig. 5). All of these 
data clearly indicate that temperatures based on ox- 
ygen fractionation between biotite and quartz are not 
relevant to ore mineralization and probably have no 
meaning whatsoever. 

Strontium isotopic data from the tourmaline sepa- 
rates are even more interesting. Because tourmaline 
contains very little Rb, the measured 87Srlx6Sr ratios 
are close to initial crystallization values if the isotop- 
ic system remained undisturbed. Apparent in a plot 
of 87Sr186Sr VS. age (Fig. 6) is that the tourmalines 
show quite a wide range in Sr isotopic composition, 
even though there is not a corresponding large range 
in RblSr. Either the Sr incorporated into some of 
these tourmalines was already quite radiogenic by 

the Late Archean, or resetting during a later event 
allowed modification of their Sr isotopic composi- 
tions. To assess this, 87Srlx6Sr growth curves for 
Hattu schist belt tonalites and trondhjemites (O'Brien 
et al., 1993, this volume) are plotted in Figure 6 as 
examples of local Archean crust. Plotting a growth 
curve through the R347141.5 tourmaline data point 
parallel to the curve for the trondhjemite with the 
highest RbISr provides a minimum age for the neces- 
sary tourmaline Sr source. It is clear that the very 
radiogenic tourmaline samples would have required 
crust >4 Ga old to provide the necessary 87Sr186Sr 
composition at about 2.7 Ga ago. 

The main problem with this possibility is that there 
is no indication of a significant older crustal compo- 
nent in the Sr and Nd whole rock analyses from the 
Hattu schist belt tonalites, volcanics and 
metagraywackes (O'Brien et al., 1993, this volume). 
The absence of any other data requiring much older 
crust strongly suggests instead that the 87Sr/X6Sr ra- 
tios of the tourmaline have been modified. The pos- 
sibility of Proterozoic mixing of Sr between the 
tourmalines and tonalitic crust is also shown in 
Figure 6. At 1850 Ma, the tourmaline data all fit 
within the field for tonalite-trondhjemite crust. In 11 
Sr vs. 87Sr/86Sr diagram (Fig. 7), a somewhat poorly 
defined positive correlation shows how the tourma- 

Hattu Mica 

Fig. 5. Rb-Sr isochron diagram for Hattu schist belt micas. Age of 1665 Ma uses all data while age of 
1730 Ma excludes the most radiogenic, low Sr mica sample. Also shown is the extrapolated Kuittila 
pluton whole rock isochron given in O'Brien et al., (1993. this volume). 
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Hattu Tourrnaline 

Fig. 6. 87Sr/86Sr - age diagram for the Hattu schist belt tourmalines. The very radiogenic Sr is some of the 
tourrnaline sarnples (e.g., R347141.5) eitherrequire Sr from a very old source (approx.4 Ga) assuming the Kuittila 
trondhjernite sample represents typical Archean crust or require Proterozoic resetting (chosen here to be 1850 
Ma). 

Hattu Tourmaline 

Fig. 7. 87Sr/"Sr - 11Sr diagram for the Hattu schist belt tourmalines The hmar relationship in 
this diagram suggests the tourmaline~ with the lowest Srcontents were most affected by mixing 
with radiogenic Sr, probably sometime in the Proterozoic. 
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line samples with the lowest Sr contents would resetting of the Sr isotopes in these tourmalines 
represent those most affected by mixing with crustal during the same metamorphic event seems most 
Sr during the Proterozoic. Coupled with the likely. 
Proterozoic K/Ar and Sr ages on mica given above, 

DISCUSSION AND CONCLUSIONS 

The amount of variability in the 6180 of quartz 
from gold mineralization in the Hattu schist belt is 
unusual in Archean lode gold deposits. Quartz with 
6180 shifted to light values, as low as 4.3 "/ta, require 
a source close to meteoric water composition. On the 
other hand, the tourmaline 6"O data seem to com- 
pletely ignore the variations in coexisting quartz, and 
are instead, relatively uniform throughout the schist 
belt. Moreover, evidence from Sr isotopic data indi- 
cate an important Proterozoic metamorphic event 
which had a profound influence on Sr isotopic com- 
positions of biotite and tourmaline. All of this infor- 
mation points to a complex history for the Hattu 
schist belt mineralization and countryrocks, one which 
we are just beginning to decipher. 

The uniformity of geological setting, elemental 
enrichments and ore mineralogy in all of the Hattu 
schist belt gold deposits (Nurmi et al., 1993, this 
volume; Bornhorst and Rasilainen, 1993, this vol- 
ume; Kojonen et al., 1993, this volume) is strongly 
suggestive that one large scale and homogeneous 
hydrothermal system formed the deposits. The unique 
isotopic characteristics of a part of the samples are 
therefore more easily reconciled in terms of later 
overprinting effects rather than fluid mixing during 
mesothermal gold ore formation relatively deep in 
the crust. 

It is evident that the hydrothermal minerals we 
have analyzed initially equilibriated with Archean 
mineralizing fluids during gold deposition and that 
quartz had 6180 values close to +12 "1011 while coexist- 
ing minerals showed corresponding, relatively ho- 
mogeneous lighter 6IXO compositions. As we have 
noted, the Hattu schist belt fluid 6IXO and 6D compo- 
sitions calculated from quartz + actinolite and quartz 
+ muscovite are very similar to those calculated for 
other Archean greenstone gold deposits in the Y ilgarn 
block in Western Australia, and the Abitibi Belt in 
Canada. The samples used to calculate these fluid 
compositions all have quartz 6180 of +10 or +11 "/t10, 
which suggests they may have largely retained their 
original isotopic ratios. It is possible therefore, that 
these samples provide a look at the State of fluids 
during the Archean mineralization and synchronous 
alteration event. Sources of such fluids have been a 
point of great discussion with authors variously pro- 

ponents of predominantly metamorphic fluids 
(Kerrich and Fryer, 1979; Kerrich and Feng, 1992), 
primarly magmatic fluids (Burrows et al., 1986; 
Cameron and Hattori, 1987; Spooner, 1991) or 
evolved meteoric waters (Nesbitt and Muehlenbachs, 
1989). Our data do not provide a means to differen- 
tiate between these types of fluids. 

It is suggested that during the Proterozoic, 
reequilibration of quartz and coexisting minerals in a 
number of the samples with meteoric water, or a 
slightly evolved basinal meteoric-derived brine with 
6180 and 6D compositions near the meteoric water 
line, caused the shifts to lower 6180. This scenario 
requires that the relatively uniform 61X0 values of the 
tourmalines reflect their compositions from the 
Archean, i.e., tourmaline is more resistant than quartz 
to oxygen reequilibration. If our interpretation of the 
tourmaline isotopic data is correct, this requires 
Proterozoic resetting of Sr isotopes but not oxygen 
isotopes. 

There are characteristics of the Hattu schist belt 
Au-precipitating fluids other than stable isotopes 
that are not typical. The reported salinities of 6 to 1 1 
wt. % NaCI equivalent for the Hattu schist belt 
(Bornhorst and Wilkin, 1993, this volume) are higher 
than average for Archean mesothermal lode Au (< 6 
wt. % NaCl equivalent; Groves and Foster, 199 1). If 
reequilibration with modified seawater, or a slightly 
evolved basinal meteoric-derived brine affected much 
of the mineralization, this would explain both the 
shifts to low 6180, high 6D and the relatively high 
salinities. This is in accordance with the present 
understanding of early Proterozoic crustal evolution 
of eastern Finland suggesting deep burial of the 
Archean crust under Proterozoic, epicontinental to 
shallow marine sediments (e.g., Kontinen et al., 
1992), which are currently exposed only some tens of 
kilometers to the West and east of the Hattu schist 
belt. Thus, the sediments are a potential source for 
brines with a meteoric isotope signature. 

The partial resetting of the oxygen isotope sys- 
tems may be due to restricted circulation of these 
brines along permeable deformation zones in the 
basement. This could be related to the Svecokarelian 
orogeny or preceeding extensional tectonics of the 
Archean basement, which is indicated by abundant 
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mafic dikes. They intruded both the sediments and 
the Archean basement at three stages (2.2, 2.1 and 
1.97 Ga; Vuollo et al., 1992), and possibly provided 
the heat source driving brine circulation. Tounnaline 
may have retained its Archean oxygen composition 
during this process, and the Sr isotope system could 
have been reset during later metamorphism related to 
the Svecokarelian orogeny, which included 
overthrusting of the Proterozoic cover over the 
Archean. This stage of crustal evolution did not 
necessarily include any deep infiltration of meteoric 
waters. 

Carbon isotopes of hydrothermal carbonates asso- 
ciated with gold mineralization in the Hattu schist 
belt show alimitedrange (6I3C = -7.2 to -12.4(/00), but 
have the lightest 6°C measured from Archean 
epigenetic gold mineralization (Karhu et al., 1993, 
this volume). However, oxygen isotopes of the car- 
bonates show a large variation analogous to the 
spread in the quartz data, which is also evidently due 
to the local reaction with Proterozoic hydrothermal 
waters. 

However, an alternative explanation for the uni- 

formity in the tourmaline oxygen data and the varia- 
bility in the quartz oxygen data includes primary 
hydrothermal quartz with 6'" around +12 u / ~ ~ ,  fol- 
lowed by an Archean meteoric-hydrothermal altera- 
tion associated with granitoid cooling (c.f., Taylor, 
1990). This could have affected the oxygen isotopic 
data and produced the variability in the quartz 6 'x0  
values already during the Archean. This is justified 
by noting that the Naarva leucogranite and Korpilampi 
pegmatite quartz 6180 values are +5 O h ,  about the 
same minimum seen in mineralization-related quartz. 
Proterozoic overprinting then rehomogenized the 
tourmaline 6Ix0 values and partly affected the biotite 
oxygen and hydrogen compositions. The fluid in- 
volved in the Proterozoic event could have been 
modified seawater, as indicated by the fluid compo- 
sition calculated from the biotite data (Fig. 4). Quartz 
oxygen isotopes were not rehomogenized during the 
Proterozoic event. This requires that quartz would be 
more robust to resetting than tourmaline. Further 
isotopic work on mineral separates from the tourma- 
line granites should make it possible to test this 
possibility. 
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APPENDIX: Sarnple descriptions. 

Kelokorpi R3291138.6 Biotite schist hosting grey medium- 
grained quartz veins. Smaller quartz veins are folded, stretched 
and boudinaged and represent high grade Au ore. 

Kuittila R3041121.95 Recystallized, carbonated and foliated 
tonalite is cut by coarse quartz + sulfide veins, in turn cut by 
carbonate veins. In thin section, molybdenite is concentrated 
along quartz vein-recrystallized tonalite boundaries. Biotite 
crystallized in fractures inside and surrounding the contort- 
ed, cleaved molybdenite grains. The majority of quartz 
appears to postdate molybdenite and forms a mosaic of 
polygonal interlocking grains. Later carbonate - biotite veins 
cut linearly across coarse the quartz vein but haverecystallized 
to form chains of calcite - biotite blebs in surrounding slightly 
finer-grained quartz. Inclusions of host tonalite and discrete 
patches of carbonate occur along vein-quartz grain bounda- 
ries recrystallized into the quartz mosaic. In contrast, carbon- 
ate and biotite inclusions interior to the vein quartz grains are 
rounded to subhedral, most likely representing primary in- 
clusions. There were no scheelite grains in thin section 
although it occurs in the handsample. 

Kuittila R3091126 Tonalite recystallized into irregular do- 
mains enriched in quartz + feldspar or biotite - tourmaline. In 
thin section, fine-grained quartz + felspar + biotite form the 
matrix for the coarser bimineralic domains. A coarse calcite 
+ quartz vein cuts across the sample, apparently of a younger 
generation than that in R3041121.95 because of the absence 
of recrystallization textures. 

Kuittila R3091127.4 Coarse calcite and finer biotite and quartz 
segregations have completely replaced the host tonalite. 
There are no clear crosscutting relationships suggesting 
either that all three minerals formed at the same time or later 
recrystallization has removed all previous grain boundaries. 

Kuittila R3101134.35 Sample of schist within 2 m of a contact 
with tonalite. The sample is massive biotite with minor 
quartz and sulfides cut by quartz + sulfide veins. 

Kuittila R3051111.7 Pegmatitic vein of quartz, albite, musco- 
vite and calcite which crosscuts all other veins and therefore 
postdates Au mineralization. Single albite crystals are at least 
as large as the diameter of the drill core, 3.1 cm. Foliated 
Kuittila tonalite is the host rock for this vein sample. 

Kuittila M3Pit A Sample from pit containing abundant quartz 
veins, mostly stage 1 qnartz + molybdenite + scheelite - Fe- 
sulfide and stage 2 Au-bearing quartz - tellurides and Bi 
metal. Scheelite (up to 2 cm in diameter) is unusually dark 
(dark grey) due to abundant sulfide inclusions. Molybdenite 
seems to be concentrated at the edges of the quartz veins (as 
in R3041121.95) whereas scheelite is apparently randomly 
dispersed. In other samples at the pit some veins are almost 
pure scheelite + molybdenite whereas others may be nearly 
free of sulfide and contain large vugs. 

Korvilansuo R3281132 Medium-grained clear quartz + sulfide 
vein in altered tonalite or porphyry dike. Sample was also 
used for 8180 and 6I3C of carbonate. Carbonate was not 
however, from the same vein as the quartz. 

Korvilansno R326167 Garnet-bearing chlorite muscovite schist 
host rock sample. Derived from a relatively mafic sediment, 
this schist sample has garnet-rich layers with garnet nucleat- 
ed around pyrrhotite. This sample has been used for 
geothermometry and detailed Sr and Nd isotopic work 
(O'Brien et al, this volnme). Quartz for 6'" was separated by 
heavy liquids from matrix. 

Korvilansuo R355194.8 Coarse clear quartz vein containing 
sulfides and coarse tourmaline. This vein is hosted by a fine- 
grained quartz + biotite + tourmaline schist and is one of the 
fluid inclusion samples discussed by Bornhorst and Wilkin 

(1993 this volume). 
Korvilansuo R376156.7 Coarsest quartz sample used for SI80 

determinations. The coarse quartz varies fromclear to smoky, 
does not contain sulfides and may provide a background d i 8 0  
value for unmineralized quartz. However, crosscutting coarse- 
grained biotite veins, much like those occurringin the Kuittila 
tonalite-hosted veins, suggest this quartz may be early, be- 
fore Au precipitation. 

Kivisuo P571128.6 Quartz + scheelite vein cutting tonalite. 
Kivisuo R3441136.2 Porphyry dike with a quartzlfelspar 

phenocryst ratio of approximately 1/10. Quartzwas carefully 
handpicked to 100% purity from coarsely crushed sample to 
provide an accurate magmatic quartz 6IXO for the Kuittila 
tonalite-type magmas. 

Kivisuo R347141.55 Massive medium-grained tourmaline and 
massive coarse-grained quartz + sulfides in a fine-grained, 
highly recystallized, tourmaline-rich metagraywacke. The 
massive quartz and tourmaline (high grade Au ore) exist as 
two discrete domains and may represent two distinct phases 
of veins. 

Kivisuo R3451136.2 Massive actinolite + sutfide cut by quartz 
veins. This quartz is one of the fluid inclusion samples 
discussed by Bornhorst and Wilkin (this volume). 

Kivisuo R348158.3 Layered medium-grained tourmaline + 
quartz + pyrrhotite cut by coarser-grained quartz + pyrrhotite 
veins. These layered tourmaline + quartz rocks are not 
uncommon with R3741117.1 (below) representing another 
example. 

Kivisuo R350176.1 Tourmaline (ca. 75%) + quartz rock with 
disseminated scheelite and a quartz + sulfide vein cutting one 
end of the sample. There is a concentration of coarser scheelite 
at the tourmalinite-quartz vein contact. 

Kivisuo R350178.4 Quartz vein with disseminated scheelite, 
elongated euhedra of biotite, and concentrations of epidote 
within metagraywacke. This represents one of the few sam- 
ples where scheelite was not accompanied by sulfides. Quartz 
in this vein is one of the fluid inclusion samples discussed by 
Bornhorst and Wilkin (this volume). 

Elinsuo R354176.3 Quartz + plagioclase + tourmaline + sulfide 
vein in muscovite schist. The boundary between vein and 
countryrock is diffuse and irregular. In thin section, the large 
subhedral tourmaline porphyroblasts are filled with quartz 
inclusions. Abundant pyrite in places has titanite at the 
margins. Smaller tourmalines are inclusion-free and abun- 
dant in the fine-grained plagioclase + quartz matrix. The 
tourmaline in this rock has an extremely radiogenic s7Sr/8BSr 
composition (O'Brien et al., this volume). 

Muurinsuo R342196.9 Quartz + sulfide vein in metagraywacke. 
The quartz is medium-grained and varies from clear to grey. 

Muurinsuo R3651102.9 Quartz + pyrrhotite vein in chorite 
muscovite schist. One part of the sample shows a biotite-rich 
area which also contains garnet near the contact of the vein. 

Muurinsuo R341134.3 Biotite + epidote rock hosting coarse- 
grained quartz + albite + pyrite vein. Slightly unusual sample 
in that even the sulfides in this sample are quite coarse- 
grained. From stable isotopes, it is clear the vein minerals did 
not equilibrate with the host rock. 

Muurinsuo R338193.2 Chlorite schist with concentrations of 
biotite with crosscutting, medium-grained quartz vein. 

Muurinsuo R3381112.8 Mineralogically interesting sample 
with biotite-rich and actinolite-rich areas in a vein of milky 
quartz + patches of biotite + albite + pyrrhotite + apatite (Fig. 
A2). Apatite makes up as much as 5% of this vein. Adjacent 
to (part of?) this vein is 1 large quartz crystal (Quartz 2). 

Ramepuro Pit Sample Coarse quartz + tourmaline veins in 
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fine-grained chlorite muscovite schist. separate from this sample. 
Ramepuro 3 Pit Quartz + Tourmaline veins in chlorite musco- Korpilampi R330117.70 Quartz + feldspar + biotite + musco- 

vite schist. vite + tourmaline pegmatite. 
Ward 2E Quartz + carbonate - scheelite veins in metatonalite. NaarvaPGW87-2019Two micaleucogranitecontaining quartz, 

Abundant biotite in foliation is the source of the biotite K-spar, muscovite, tourmaline and apatite. 
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Carbonate alteration is not a ubiquitous feature of mesothermal gold 
mineralizations in the Hattu schist belt even though in other respects these 
mineralizations are typical of Archean greenstone hosted gold deposits. 
However, hydrothermal calcite and rare dolomite occur either as disseminations 
or in the form of quartz-carbonate veins in four Hattu schist belt gold 
occurrences. In total28 samples from these deposits were analyzed for their 
carbon and oxygen isotope compositions. The results show that the Au-related 
carbonates from the Hattu schist belt are the most depleted in "C of any 
carbonates from analogous gold deposits in Canada and Western Australia. 
Despite this difference, the individual occurrences show tightly clustered I3C 
values and larger variations between occurrences, indicative of provinciality 
in the carbon isotope compositions. The mean 6°C values of the carbonates in 
the goldrelated alteration domains are -9.3 f 0.6"/00 for the Korvilansuo, -10.0 
f 0 . 7 ° / ~ ~  for the Kivisuo, -8.6 f 0.7'/00 for the Kuittila and -8.7 'r 0.5Ol00 for the 
Ward deposit. These depleted carbon isotope ratios are considered to represent 
the original composition of the mineralizing fluids and to reflect the high 
proportion of sedimentogenic rocks with reduced carbon in the schist belt, and 
evidently, in the source area deeper in the crust. The range of 6'*0 values in the 
carbonates, 4.7 to 18.8O/m, is larger than the reported range for all hydrothermal 
carbonates from mesothermal gold deposits in Canada and Westem Australia 
combined. Additionally, unlike the carbon isotopes, there is no clustering of 
oxygen isotope values within each prospect. The large variation is evidently 
due to early Proterozoic exchange of oxygen isotopes during the Svecokarelian 
orogeny. 
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INTRODUCTION 

The Hattu schist belt is comprised predominately 
of felsic epiclastic sediments, felsic to intermediate 
pyroclastics and early tonalitic intrusions, whereas 
mafic-ultramafic volcanics are common only in the 
northern part of the area (Fig. 1). Gold occurrences in 
the Hattu schist belt share the basic geological, 
geochemical and mineralogical characteristics of 
major mesothermal deposits in other Archean shields 
(see, Kojonen et al., 1993, this volume; Nurmi et al., 
1993, this volume). Mineralization is related to a 
crustal-scale hydrothermal system which caused 
extensive alteration and deposition of gold and asso- 
ciated elements (Te, Bi, Ag, As and B), commonly 
adjacent to contacts between felsic intrusives 
(tonalites andporphyry dikes) and supracrustal rocks. 
Wall-rock alteration is manifested by massive intro- 
duction or redistribution of H,O, Si, K and S along 
high strain zones (Bornhorst and Rasilainen, 1993, 
this volume; Rasilainen et al., 1993, this volume) 
with alteration domains attaining lengths of > 10 km 
and widths of hundreds of metres. Hydrothermal 
minerals include quartz, sericite, biotite, chlorite, 
albitic plagioclase, actinolite and epidote, whereas 
carbonation is only locally strongly developed 
(Kojonen et al., 1993, this volume). Economically 
interesting gold contents (2-20 ppm) typically com- 
prise zones, metres in width, of weak Fe sulfide 
disseminations and less commonly narrow quartz (- 
tourmaline-carbonate) veins in hydrothermally al- 
tered host rocks (Nurmi et al., 1993, this volume). 

In other Archean shield areas mesothermal gold 
deposits are generally characterized by abundant 
hydrothermal carbonate, which together with the 
ubiquitous presence of CO,-bearing fluid inclusions, 
provides evidence for significant CO, contents of the 
associated fluids (Colvine et al., 1988; Kerrich, 1989). 
Since the 6I3C values of hydrothermal carbonates are 
dependent on the physico-chemical conditions of 
precipitation, as well as on the composition of the 
fluid source area, carbon isotope analyses of these 
carbonates have been applied to infer the nature of 
the source and to constrain the conditions leading to 
precipitation of carbonates and gold. 

Several possible sources and contributing processes 
have been suggested for the hydrothermal CO, in 
Archean mesothermal gold deposits. The main alter- 
natives are mantle degassing (Colvine et al., 1988), 
magmatic degassing (Burrows et al., 1986) or 
volatilization of crustal carbon by metarnorphic proc- 
esses (Kerrich, 1987; Kemch et al., 1987; Kerrich and 
Fyfe, 1988). In most cases it is not possible to choose 
between these models based on isotopic data alone. 

Muscovite-tourmaline 
leucogranite 

Hornblenbde-biotite 
granodiorite 

Biotite tonalite 

Epiclastic & felsic 
pyroclastic deposits 

Migmatites and 
metasediments 

Mafic & ultrarnafic rocks 
and iron formations 

High strain zones 

Gold occurrences 

HATTU 
SCHIST BELT 

D 
~oensu; 

Helsinki 

Fig. 1. Generalized geological map of the Hattu schist belt, Ilomantsi, 
showing major lithologies, regional shear zones and location of gold 
occurrences. 

This paper reports carbon and oxygen isotope 
analyses from hydrothermal carbonates associated 
with mesothermal gold occurrences in the Archean 
Hattu Schist belt, eastern Finland. The stable isotope 
systems in this area have been affected by reheating 
during the Svecokarelian orogeny in the early 
Proterozoic, which makes interpretations more com- 
plicated than in many other gold provinces. 
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GEOLOGIC SETTING AND SAMPLING 

Over ten gold occurrences have, this far, been 
located in the Hattu schist belt (Fig.1; Nurmi et al., 
1993, this volume). A total of 28 samples, including 
27 calcite-bearing samples and one dolomitic Sam- 
ple, were taken for carbon isotope studies from the 
Kuittila, Korvilansuo and Kivisuo prospects, located 
in the southern part of the area, and from the Ward 
prospect in the northern part of the schist belt. The 
other gold occurrences were not possible to include 
in this study because they are almost totally devoid of 
carbonate rninerals. 

The Kuittila gold deposit occurs along the western 
margin of the Kuittila tonalite pluton. The minerali- 
zation comprises a set of discontinuous carbonate- 
quartz vein systems and disseminations in sheared 

tonalite. The shear zones are characterized by the 
occurrence of hydrothermal quartz, albite, sericite, 
calcite(-dolomite), K-feldspar, biotite and epidote. 
Less pronounced alteration halos in the tonalite sur- 
round the mineralized zones (Kojonen et al., 1993, 
this volume; Nurmi et al., 1993, this volume). Dis- 
seminated carbonate occurs as alteration after 
plagioclase and as small blebs in quartz veins. Sam- 
ples for carbon isotope determinations were taken 
from the alteration domain and consist of 11 whole 
rocks representing homogenized drill core materia1 
(1 - 17 m core lengths) and one separated calcite from 
a quartz vein (Table 1). Gold contents of the samples 
vary from background values (~0 .01  ppm) up to 0.78 
PPm. 

Table 1. Carbon and oxygen isotope data for carbonates in hydrothermally altered rocks from selected gold occurrences of the Hattu schist belt, 
Ilomantsi. Detenninations from whole-rock samples unless otherwise indicated. Mineral abbreviations: act=actinolite, ank=ankerite, bt=biotite, 
cal=calcite, dol=dolomite, qtz=quartz, and tour=tourmaline. 

Gold occurrences & 
drill corddepth (m) 

Korvilansuo: 
R3251149.10 
R327112.55 
R327125.80 
R327128.90 
R327155.75 
R327156.75 
R3281132.00 
R3281132.90 

Kivisuo: 
R3441136.20-A 
R3441136.20-B 
R3451147.90 
R34616.30 

Kuittila: 
R301flO.50-75.50 
R302DO.80-25.80 
R303166.60-8 1.60 
R3031127.60-144.60 
R304122.90-37.90 
R304177.90-87.10 
R3051118.75-128.75 
R560fl.20-8.20 
R53714.60-6.60 
R3111112.50-121.60 
R494111.70-12.70 
R3051111.70 

Ward: 
Pit 1 
Pit 1 
R315l71.0672.60 
R3 15172.00-73.00 

Sample description 

Bt-cal vein in mica schist 
Cal dissem. in mica s~hist 
Coarse cal in tour-qtz rock' 
Cal dissem. & tour in tonaiite 
Cal dissem. in tour-act rock 
Cai dissem. in tour-act rock 
Cal dissem. in tonalite 
Cal veinlet in mica schist 

Cal veinlet in felsic dike' 
Cal veinlet in felsic dike 
Cal blebs in act rock 
Cal veinlet in felsic dike 

Cai dissem. in tonalite 
Cal dissem. in tonalite 
Cal dissem. in tonalite 
Cal dissem. in tonalite 
Cal dissem. in tonalite 
Cal-qtz veins in tonaiite 
Cal dissem. in tonaiite 
Cal dissem. in tonalite 
Cal dissem. in tonalite 
Cal dissem. in tonalite 
Cal dissem. in tonalite 
Cal-qtz vein in tonalite' 

Cal-qtz vein in felsic dike 
Ankldol-qtz vein in felsic dike' 
Cal dissem. in felsic schist 
Cal dissem. in felsic schist 

CO2 (%) in 
whole rock 

Au (ppm)in 
whole rock 

Determination from separated carbonate mineral 
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Gold mineralization in the Korvilansuo area con- 
sists of disseminations and quartz-tourmaline veins 
located around the northern edge of a small tonalite 
dike. Hydrothermal alteration is widespread and per- 
vasive in large parts of the area and characterized by 
quartz-sericite-chlorite-biotite schists, silicified 
quartz-feldspar porphyry and minor mafic veins com- 
posed predominantly of actinolite. Silicification and 
tourmalinization have probably occurredin two stag- 
es, the first being pervasive replacement producing 
dense tourmaline-quartz rock within the Korvilansuo 
porphyry dike, and the later stage consisting of tour- 
maline-quartz veins in supracrustal rocks (Nurmi et 
al., 1993, this volume). Calcite is a typical accessory 
mineral in the alteration domain and occurs as dis- 
seminated fine- to medium-grained blebs. Eight chip 
samples collected from drill core for carbon isotope 
determinations represent various alteration types and 
host rocks of the area, and are variably mineralized 
from barren to 0.79 ppm Au. 

The Kivisuo area, located some 1.5 km northeast 
of the Korvilansuo prospect, is part of the same 
mineralized zone and exhibits similar geological 
characteristics. Four chip samples, containing rninor 
calcite veinlets and blebs, were collected from drill 
core for carbon isotope analyses (Table 1). 

The Ward deposit comprises a disseminated min- 
eralization hosted by a strongly altered and sheared 
intermediate schist between ultramafic and mafic 
volcanics and felsic porphyry dikes intniding the 
ultramafics (Nurmi et al., 1993, this volume). 
Hydrothermal alteration is manifested by secondary 
quartz, sericite, biotite, K-feldspar and carbonates 
occurring as disseminations and within minor quartz 
veinlets. Samples for this study were taken from a 
high-grade mineralization within the intermediate 
schist (2 samples from homogenized drill core) and 
from an adjacent, mineralized porphyry dike (2 chip 
samples; Table 1). 

METHODS 

The carbon and oxygen isotope compositions of 
calcite samples were analyzed using a conventional 
phosphoric acid method at 25 "C. The dolomite 
sample was sieved to <40 pm grain size and reacted 
with >100% phosphoric acid at 100 OC for 1 hour. 
The resulting CO, was in most cases purified in a lead 
acetate trap in order to remove sulfur compounds 
(Boast et al., 1981). Yields were measured 
volumetrically and converted to CO, percentages. 
Some samples were also analyzed for their CO, 
contents at XRA laboratories (Canada) and are shown 
together with the voliimetrical determinations in Fig. 
2. Comparison of these results (Fig. 2) suggests that 
the reaction yields using phosphoric acid were essen- 
tially complete and that the CO, concentration 
determinations are reliable with a relative accuracy 
of better than about 5%. 

Fractionation factors of 1.0 1025 for calcite and 
1.00913 for dolomite were used to correct for the 
kinetic fractionation of oxygen isotopes in the prep- 
aration of CO, by the phosphoric acid reaction 
(Rosenbaum and Sheppard, 1986). Isotope values 
were calibratedusing the NBS-20 international stand- 
ard and isotope ratios given for it by Craig (1957). 
The 13C/12C ratios are reported relative to the PDB 

Fig. 2. Comparison of volumetricalC0, analyses from phosphoric acid 
reaction in our laboratory to results fromchemical analysis in the XRA 
laboratories, Canada. Samples represent hydrothermally altered tonalite 
from the Kuittila occurrence, Hattu schist belt, Ilomantsi (Table 1). 

scale and the 180/'60 ratios relative to the SMOW 
scale. 
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RESULTS 

The carbon and oxygen isotope data and the CO, 
contents of the samples are given in Table 1. Also 
shown are the results of the volumetrical 
determinations and the Au contents of the drill core 
samples. 

Carbon and oxygen isotope results from the 
hydrothermal carbonates of the Hattu schist belt are 
plotted in Fig. 3. The range of the 6180 values is large, 
spanning from 4.7 to 18.8O/00 . In contrast, the carbon 
isotope ratios are more tightly clustered with 6l3C 
values varying from - 12.4 to -7.2()/00 . The mean 6I3C 
value for all hydrothermal carbonates analyzed from 
the Hattu schist belt is -9.5 f 1.4O0 (ISD). However, 
a better estimate of the 613C value of carbon in the 
gold related alteration is -9.0 f 0.8°/~, which is 
calculated after excluding five carbon isotope analy- 
ses from a local alteration domain at the contact of a 
porphyritic tonalite dike at Korvilansuo. Reasons for 

not including these data are discussed below. 
In the Korvilansuo occurrence the spread of the 

carbon isotope compositions is relatively large re- 
sulting from a strongly 13C depleted alteration do- 
main at the contact of the Korvilansuo dike. The five 
I3C depleted carbonates were all collected from a 
44 m length of drill core from hole R327 which 
penetrates the intensively tourmalinized and silicified 
tonalite dike (Table 1). The 6I3C values from this 
alteration domain are anomalous compared to all 
other 613C results from the Hattu schist belt (Fig. 4). 
The replacement type is distinct and the connections 
of it to the crustal scale processes, which produced 
fairly homogenous carbon isotope values elsewhere 
in the Hattu schist belt, are unclear. It is possible that 
tourmalinization and carbonation processes here are, in 
fact, more local and directly related to the post-mag- 
matic fluids of the Korvilansuo tonalite intrusion. 

Korvilansuo dike 
Hattu schist belt, 

other prospects 

-1 2 -1 0 -8 

Fig. 3. Plot of SL3C and S'80 values for hydrothermal carbonates from Fig. 4. Histogram of carbon isotope data for hydrothennal carbonates 
different gold occurrences in the Hattu schist belt, Ilomantsi. from the Hattu schist belt, Ilomantsi showing a bimodal disuibution. 

The strongly I3C depleked samples from the Korviiansno dike represent 
a local alteration domain which is not necessarily connected to the gold 
related alteration. 
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DISCUSSION 

Hattu schist belt compared to other gold occurrences 

Gold related carbonates from the Hattu schist belt 
are depleted in I3C compared to most published 6I3C 
results on hydrothermal carbonates from Archean 
mesothermal gold deposits in Canada and Western 
Australia (Fig. 5). This feature is only shared by a few 
other gold occurrences like the 0' Brien deposit in the 
Abitibi greenstone belt, Canada with a mean V3C 
value of -8.2 f 0.7%0 (Kerrich et al., 1987) and the 
Lawlers deposit in the northern Norseman-Wiluna 
Belt, Western Australia with a mean 6I3C value of - 
8.0 f 0.8°/~~ for gold related carbonates (Cassidy et 
al., 1988). 

The mean carbon isotope values of carbonate for 
the gold occurrences of Korvilansuo (excluding the 
Korvilansuo dike), Kivisuo, Kuittila and Ward are 
-9.3 f 0.6, -10.0 f 0.7, -8.6 f 0.7 and -8.7 IT 0 .5° /~~  
(1 SD), respectively. Although these values are lower 
than those found in gold related carbonates in other 
shield areas, they nevertheless indicate provinciality 

NORSEMAN-WILUNA Hunt Mine - prphynes 

BELT Hunt Mine - footwall b-lt 
ViaorylDefisnce - prphyries 

AUSTRALIA VictorylDefiance - diorite 
VictorylDefiance - dolerite 

M Charlotte - Reward oreWy 
Mt Charlotte -Charlotte orebody 

Golden Mile - NO 4 lode 
w l e r s  

ABITIBI BELT 

CANADA 

HAiTU BELT 

FINLAND 

Pascaiis 
Bras d'Or 
Lamaque 
Sigma 

East Malartic 
O'Brien 

Chadboume 
mrker i&e 

Omega 
K m  Addison 

Cheminis 
Miserna 
Macassa 
Gateford 

Canadian Arrow 
Taylor Township 

Hollinger 

in the carbon isotope compositions among the miner- 
alizations. Provinciality is a characteristic feature of 
the Archean gold deposits in Canada and Australia, 
where the 6I3C values of individual alteration do- 
mains typically remain within one or two per mil, but 
the differences between these domains often are 
larger (Kerrich et al., 1987; Kerrich, 1989). 

Another distinctive feature of the carbonates from 
the Hattu schist belt is the large spread of the 6180 
values, from 4.7 to 18.8°/~~ (Table 1). In fact, the 6180 
compositions of these carbonates cover a larger range 
than all hydrothermal carbonates from the Superior 
and Slave Provinces of Canada and the Norseman- 
Wiluna Belt of Westem Australia (from 6.9 to 
17.8O/00 ; Kerrich, 1989). Since the later metamorphic 
history of the Archean terrain in eastern Finland is 
complex, these oxygen isotopic signatures do not 
necessarily represent original compositions of the 
hydrothermal carbonates. 

KowIIansw 
KIVISUO 
Kuittila 
Ward c 
LP- L- A 

Fig. 5. Comparison of 6I7C values of gold related carbonates from the Hattu schist belt, 
Ilomantsi, withdatafrom the Archean mesothermal gold deposits in Canada (Kerrich et al., 
1987) and Western Australia (Golding et al., 1987; Cassidy et al., 1988). Bars represent 
mean 6I3C values + ISD for individual occurrences. 



Resetting of the K-Ar isotope systems in biotites, 
muscovites and hornblendes provides evidence that 
the Archean craton of eastern Finland was affected 
by a strong metamorphic event during the early 
Proterozoic, about 1.8 Ga ago (Kontinen et al., 1992; 
O'Brien et al., 1993, this volume). Kontinen et al. 
(1992) suggest that the entire basement was heated to 
temperatures above 300 "C and locally even to 
500 "C as a result of burial under overthrust Sveco- 
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karelidic nappe units. In gold occurrences of the 
Hattu schist belt the effects of this event can, in 
addition, be seen as extensive disturbance of the Rb- 
Sr isotope systems and in remarkable disequilibrium 
of oxygen isotopes among mineral pairs (O'Brien et 
al., 1993, this volume). Based on this information, 
secondary modifications of the carbon and oxygen 
isotope ratios of the hydrothermal carbonates in the 
Hattu schist belt appear very probable. 

Preservation of the oxygen isotope ratios 

In Archean hydrothermal gold deposits, quartz- 
carbonate fractionations are generally too large to 
represent equilibrium, which has been attributed to 
carbonate minerals being less resistant than quartz to 
retrograde oxygen isotope exchange (Kerrich, 1987). 
In fact, carbonates belong to those minerals which 
are most susceptible to oxygen isotope exchange 
(O'Neil, 1987). 

In the Hattu schist belt a later disturbance of 
oxygen isotope compositions appears to be more 
severe than in other Archean hydrothermal gold 
occnrrences. Even minerals like quartz and tourma- 

line, which are relatively inert to oxygen exchange, 
are characterized by disequilibrium systematics in 
the Hattu schist belt (O'Brien et al., 1993, this vol- 
ume). For minerals like calcite that are susceptible to 
exchange, preservation of the original oxygen iso- 
tope ratios, therefore, appears very unlikely. It fol- 
lows that the unusually large range of 6Is0 values 
found in carbonates from the Hattu schist belt most 
probably is a secondary feature, which may be relat- 
ed to the early Proterozoic thermal event seen in the 
K-Ar isotope systematics. 

Preservation of the carbon isotope ratios 

Hydrothermal carbonates are considered to retain 
fairly well their original carbon isotope ratios. For 
instance, Rye and Ohmoto (1974) snggest that the 
8I3C values of hydrothermal carbonates are pre- 
servedextremely well. This statement may be under- 
stood in the light of mass balance considerations. 
While oxygen in rocks is present in many minerals, 
which may exchange isotopes with each other, most 
of the carbon exists only as carbonates. In addition, 
crustal fluids generally are poor in CO, and incapable 
of extensive carbon exchange. Yet, these considera- 
tions apply only to low and medium temperature 
processes. During high grade metamorphism carbon 
isotope compositions of carbonates are not expected 
to remain unchanged (Valley, 1986). 

There are two metamorphic processes which tend 
to deplete carbonates in 13C and consequently could 
explain the light carbon in the hydrothermal carbon- 
ates of the Hattu schist belt. One potential process is 
carbon exchange between carbonate and graphite, 
which can begin at temperatures as low as 350 "C 
(Valley and O'Neil, 1981). However, the gold 
mineralizations in the Hattu schist belt are hosted by 

different lithologies typically with very low contents 
of graphite, and accordingly, their carbon exchange 
capabilities are negligible. Even the Kuittila occur- 
rence, which is hosted by a graphite-poor tonalite 
pluton, is characterized by 13C depleted hydrothermal 
carbonates. Therefore it appears that the carbon iso- 
tope systematics in these occurrences was not mark- 
edly affected by post-depositional exchange with 
graphite. 

Another potential process causing 13C depletions 
arises from metamorphic decarbonation reactions 
between carbonates and silicates (Valley, 1986). 
However, we have found no evidence of these reac- 
tions from the hydrothermally altered samples of the 
Hattu schist belt. Firstly, carbonate minerals are not 
associated with calc-silicates, which are formed as a 
result of decarbonation. Secondly, decarbonation 
reactions typically lead to coupled I3C and 1 8 0  deple- 
tions (Valley, 1986), and in the Hattu carbonates no 
correlations exist between the 6I3C and 6l80 values 
(Fig. 3). Therefore these carbonates have probably 
largely retained their original carbon isotope ratios. 
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IMPLICATIONS OF THE C ARBON ISOTOPE RATIOS 

In addition to the composition of the source area, 
6I3C values of precipitating carbonates are depend- 
ent on the temperature, Eh and pH of the hydrothermal 
fluid (Rye and Ohmoto, 1974; Ohmoto and Rye, 
1979). However, the influence of the latter physico- 
chemical variables may be small. For instance, ac- 
cording to Kerrich (1987, 1989) changes in temper- 
ature, Eh and pH do not explain provincial inter 
deposit variations in 6I3C values. The main argu- 
ments for this are the comparatively small tempera- 
ture dependence of the carbon isotope fractionation 
between CO, and carbonate (see Chacko et al., 1991) 
and the relatively high Eh of the gold-bearing fluids, 
which precludes the existence of methane in these 
systems (Cameron, 1988; Kerrich and Fyfe, 1988). 
The presence of methane in the Hattu schist belt 
hydrothermal fluid is also unlikely because methane 
would shift CO, and carbonate to more I3C enriched 
compositions, just the opposite of the I3C depletion 
found in the Hattu mineralizations. 

Fractionation of carbon isotopes between CO, and 
carbonate is also dependent on the carbonate species 
in question. In hydrothermal gold deposits this effect 
has been noticed for magnesite-rich assemblages 
which show higher 6I3C values than nearby dolo- 
mite-rich rocks as aresult of higher enrichment of I3C 
in magnesite relative to dolomite (McNaughton et 
al., 1988). Theoretical calculations by Golyshev et 
al. (198 1) suggest that at hydrothermal temperatures, 
magnesite could be as much as 3 per mil enriched in 
I3C relative to calcite in equilibrium with the same 
CO, bearing fluid. However, the carbonate species 
present in the gold related alteration of the Hattu 
schist belt is almost exclusively calcite, which in 
equilibrium at hydrothermal temperatures differs 
less than one per mil from dolomite (Sheppard and 
Schwarcz, 1970). Apparently, the presence of calcite 
in the Hattu schist belt instead of dolomite or ankerite 
does not explain the low 6'" values of the gold 

related carbonates. Supporting evidence is provided 
by the isotopic composition of a rare dolomite sam- 
ple from the Hattu schist belt, which does not differ 
markedly from calcites (Table 1). 

The Lawlers gold deposit in Western Australia 
(Cassidy et al., 1988) resembles the gold occurrences 
of the Hattu schist belt in many respects. Instead of 
greenstone host rocks, this deposit is also located in 
a sheared tonalite pluton with alteration represented 
by quartz veins and disseminated ore. In addition, the 
only carbonate species present in the Lawlers deposit 
is calcite, which is characterized by carbon isotope 
compositions relatively depleted in I3C. Cassidy et 
al. (1988) did not consider the existence of calcite 
rather than some other carbonate species as the 
reason for the light carbon isotope signature. Instead, 
they suggested that the '3C-depletion of these car- 
bonates was caused by isotopic variations in the fluid 
source region. 

All these considerations strongly suggest that the 
regional I3C depletion in the hydrothermal carbon- 
ates of the Hattu schist belt has been inherited from 
I3C depleted source areas. Such areas very probably 
are crustal and could owe their depletion to a higher 
proportion of biogenic reduced carbon. In the Hattu 
schist belt this is supported by graphitic schist hori- 
zons and the predominance of sediment-derived 
lithologies compared to predominantly volcanic and 
plutonic greenstone belt associations hosting most of 
the gold deposits in Canada and Australia (Sorjonen- 
Ward, 1993, this volume). Although on the basis of 
these results a dominantly crustal source for the CO, 
is preferred, it is possible that part of the CO, in the 
hydrothermal system was supplied by CO, streaming 
from the mantle (Kerrich et al., 1987; Colvine et al., 
1988). Relative quantities of fluids contributed by 
each source cannot be constrained from the carbon 
isotope compositions alone. 

CONCLUSIONS 

Carbonate alteration is not an ubiquitous feature of 
the gold related hydrothermal alteration in the Hattu 
schist belt in contrast to most other Archean 
mesothermal gold districts. From the 10 gold occur- 
rences discovered so far, only four mineralizations 
were found to contain abundant hydrothermal car- 
bonates either as a pervasive dissemination or in the 
form of carbonate bearing veins. The 6I3C and 6180 
compositions of these carbonates lead to the follow- 

ing conclusions: 
1. The range of oxygen isotope compositions of 

hydrothermal carbonates from the Hattu schist belt is 
larger than the total span of all reported compositions 
of carbonates from mesothermal gold deposits in 
Canada and Australia. We ascribe this variation 
largely to later oxygen isotope exchange during the 
early Proterozoic Svecokarelian orogeny. 

2. Carbon isotope ratios of alteration-related car- 
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bonates do not show any evidence of significant later tion of sedimentogenic rocks with reduced carbon in 
perturbations. Compared to most other Archean the Hattu schist belt. However, the individual 
mesothermal gold deposits, the hydrothermal car- mineralizations in the Hattu schist belt show provin- 
bonates in the Hattu schist belt are strongly depleted cial differences similar to those observed in 
in 13C. This feature may result from the high propor- mesothermal gold deposits in Canada and Australia. 
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FLUID INCLUSION DATA FOR SELECTED 
QUARTZ FROM GOLD PROSPECTS IN THE LATE ARCHEAN 

HATTU SCHIST BELT, ILOMANTSI, 
EASTERN FINLAND 

by 
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Bornhorst, Theodore J. & Wilkin, Richard T., 1993. Fluid inclusion data for 
selected quartz from gold prospects in the late Archean Hattu schist belt, 
Ilomantsi, eastern Finland. Geological Survey of Finland, Special Paper 17, 
317-322, 1 figure and 3 tables. 

Fluid inclusions within quartz were studied from five gold prospects in the 
Hattu schist belt, Ilomantsi, Finland. Homogenization temperature and 
freezing point depression data suggest hydrothermal fluids were likely at 
temperatures between 280°C and 415OC and were moderately saline, 6 to 11 
weight percent equivalent NaCl, with low CO, density. Although the origin of 
the studied inclusions is problematic, these characteristics are within the range 
reported for Archean lode gold deposits elsewhere. 

Key words(GeoRef Thesaurus, AGI): gold ores, quartz, fluid inclusions, 
microthermometry, mineral deposits, genesis, Archean, Hattu, Ilomantsi, 
eastern Finland. 

Theodore J. Bornhorst and Richard T. Wilkin, Michigan Technological 
University, Department of Geological Engineering, Geology, and Geophys- 
ics, Houghton, Michigan 49931 U.S.A. 

INTRODUCTION 

A wide variety of minerals are associated with quartz can help constrain both temperature and salin- 
gold mineralization in the Hattu schist belt (Kojonen ity of hydrothermal fluids provided the origin of the 
et al., 1993, this volume) including quartz. Quartz is inclusions is definable. Fluid inclusion data for quartz 
associated with sulfide minerals, except for late- from five prospects are described here. Location and 
stage barren quartz from Kuittila (Table 1). description of prospects are given by Nurmi et al. 
Microthermometry data on fluid inclusions from (1993, this volume). 
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Table 1. Description of quartz and associated minerals used for fluid inclusion studies, from the Hattu schist belt. 

Ward Quartz vein (<1 cm) in Clear to white (translucent), Pyrite-euhedral, Biotiteminor Pit around d i v e r y  
felsic porphyry d i e  aystalline -3 mm, iron 1-5mm; OutQ-OP 

stained menopyrite 

Quartz-tourmaline veins Clear, ciystalline (equant) Pyrite-rare 
(10s cm) in felsic >3 mm 
porphyry d i  

Kelokorvensuo Quartz veinlets (cms) 
in biotitechlorite 
schist 

Kivisuo 

Kuittila 
Quarrz- 
scheelire 
molybdenite 

Quartz vein (thin) 
in sericite-biotite 
schist 

Quartz vein (cms) in 
tonaiite 

Biotite-rare Pit around diovery 
outcrop 

Clear, crystalline, equi- Pynteeuhedral, Biotite whith DDH 329, depth 136.5111 
diiensional mosaic, .25- < 1 mm, disseminated pyrite DDH 329, depth 135.lm 
.5 mm to clustered 

Clear to white (translucent), ' Pyriteeuhedral, 2- Biotite 
aystalline (equant), >2 mm 5 mm, clusta; 

arsenopyrife-minor, 
chalcopyrite-minor 

Ciear, crystalline (equant) Molybdenite; pyrite Biotite 
1 4  mm euhedral, Q mm; 

scheelimnhor 

Main stage Quartz vein (cms) in . Clear to clouded, equant Pyrite-euhedral; 
quanz (Au) tonaiite crystals. 2.3 mm galena 

Absent 

Sample thm pit 
DDH 466, depth 7.8m 
DDH 467, depth 14.05111 

Pit 3 

Pit 2 

Late srage Quartz vein (cms in Massive, milky white Absent Absent Pit 2 
tonalite 

ANALYTICAL METHODS 

Doubly polished thin plates were prepared at Mich- about I0.3% (one standard deviation of replicate 
igan Technological University for analysis of fluid analyses) and accuracy based on calibration com- 
inclusions. Fluid inclusions greater than 2 microns pounds as perfectly known is about f 0.6% (average 
can be analyzed using the Michigan Technological deviation of standards). Equivalent weight percent 
University Chaixmeca microthermometry appara- NaCl is determined from freezing point depression. 
tus. Analytical precision of reported temperatures is 

RESULTS 

Fluid inclusions in quartz are generally less than 
10 microns in maximum dimension and rarely up to 
30 microns, although those from Rämepuro and late- 
stage quartz from Kuittila commonly reach 30 to 35 
microns. All of the inclusions contained two phases 
consisting of a H20-rich liquid and a vapor. No 
inclusions had CO2-rich vapor suggesting low CO, 
densities. Clathrate growth was not observed in 
some darker inclusions with suspected CO,. Inclu- 
sions were classified into three types (Fig. 1). Type 
1 inclusions are relatively isolated from other inclu- 
sions or occur as small clusters of inclusions located 
near grain boundaries and lack fracture control. Type 

1 inclusions may be primary although none of the 
fluid inclusions could unambiguously be classified 
as primary based on the criteria of Roedder (1984). 
Type 3 inclusions are located along healed fracture 
zones and are secondary in origin. Type 2 inclusions 
are not easily classified as either type 1 or 2 being 
neither clearly along fractures or isolated. For all 
types, liquid to vapor ratios average near 5: 1. Since 
it was not always possible to determine whether or 
not inclusions were necked down or had fluid leak- 
age, the wide range in reported homogenization 
temperatures may reflect these secondary processes 
rather than real variation in trapping temperature 



Geological S u m y  offfnland, Special Paper 17 
Fluid inclusión data for selemtd qumz f r m  gold prospects,.. 

Fig. 1. (a) Thm-dimensional network of type 1 inclusions (see text), Ward ptospect,Hmu whist bblt. 
(b) Type 2 d 3 i n ~ l u s s i  (see tent), Ward prospect. Photos t&en in cross p o l a h d  lightwith l a m a  
plate (K. Kinnunen). 

andlor pressure. In addition, bectiuse the gold depos- 
its have been deformed and recrystallized during a 
metamorphic event (Sorjonen-Ward, 1993, this vol- 
ume), all of the inclusions may represent processes 
post actual quartz and associated gold deposition. 
Inclusion character is compatible with such a conclu- 
sion. 

Homogenization temperatures of fluid inclusions 
range from 117OC to 346OC and within a given 
sample temperatures of the different types of inclu- 
sions are sirnilar (Table 2). One sample from the 
Korvilansuo prospect contained no fluid inclusions. 
Late-stage quartz from Kuittila is distinctly lower 

temperature than the others (Fig. 2). Data are too few 
from Kelokorvensuo to draw any conclusion. Differ- 
ences between prospects for the remaining data are 
considered insignificant due to difficulty in classifi- 
cation of inclusions, possible problems of leakage 
and necking down, and necessary large pressure 
corrections. The median homogenization tempera- 
ture of 241°C (standarddeviation of 48OC; N=83) for 
type 1 and 2 inclusions, except late-stage quartz from 
Kuittila, is considered to be the best estimate for 
quartz-scheelite-molybdenite and main stage gold 
rnineralizations. The reason for Type 2 inclusions 
apparently having higher homogenization tempera- 
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Table 2. Homogenization temperatures (OC) of fluid inclusions in quartz from gold mineralized 
prospects, Hattu schist belt. Inclusion types discussed in text. 

Table 3. Equivalent weight percent NaCl of fluid inclusions in quartz tures than Type 1 i s  unknown (Ta& 2). The median 
from gold mineralized prospects, Hattu schist belt based on freezing 
point depression. Inclusion types discussed in text. for late-stage q~ar tz  from Kuittila is 166OC (standard 

deviation of 20°C; N=23), much lower than main- 

Prospect 

Ward 

RLimepuro 

Kelokorvensuo 

Kivisuo 

Kuittila 

Quartz- 
scheelife- 
molybdenire 

Main stage 
quartz (Au) 

Late stage 
quarrz 
(barren) 

stage gold rnineralization. Homogenization temper- 
atures are minimum temperatures of deposition un- 
less corrected for fluid pressure. 

Equivalent weight percent NaC1, based on freez- 
ing point depression, for type 1 and 2 inclusions 
ranges from about 5 to 13% (Table 3). Type 1 
inclusions within late-stage quartz from Kuittila have 
lower salinity than other type 1 or 2 inclusions 
(Fig.3). The median salinity of hydrothermal fluids 
during quartz-scheelite-molybdenite and main stage 
Au mineralization is 8.5 (standard deviation 2.5; 
N=30). Late-stage hydrothermal fluids at Kuittila 
had a salinity of about 2%. Type 3 inclusions from 
Ramepuro and possibly type 3 from Kuittila late- 
stage quartz are lower salinity than corresponding 
type 1 and 2 inclusions. 

T Y P ~  1 

227,212,204, 186, 
178, 168 

298,255,244,240, 
221,225 

195, 183 

326, 323,271,269, 
238, 230, 228, 225, 
220 

246, 241. 238, 236, 
235, 233,232, 228, 
213, 203, 203, 199, 
195 

251,243,237 

180, 178, 178, 176, 
166, 165, 162, 162, 
161, 158, 143, 134 

Prospect 

Ward 

R'ampeni0 

Kivisuo 

Kuittila 
Quartz- 
scheelite- 
molybdenite 

Main stage 
quartz (Au) 

Late stage 
quartz 
(barren) 

TYPe 2 

260,259,255,242, 
214, 202, 191, 187, 
146 

310,302,263,260, 
219,218,214 

346, 345, 344, 341, 
341,340,332,332, 
331,325,314,311, 
310, 306, 298,280, 
270, 265, 260, 251, 
233,216, 213, 210, 
209 

195, 188, 185, 185, 
183, 182, 181, 157, 
147, 142, 117 

T Y P ~  1 

6.9, 6.7, 6.5.4.9 

1 1.5, 9.7 

10.7 

8.9, 8.5,7.4, 6.5 
4.3 

6.9 

3.5, 2.1, 1.5 

TYPe 3 

245,237,234 

256,255,252,246,240 

332, 321, 307, 299, 271, 
271, 252, 252, 240, 226, 
222,218,211,210 

191, 186, 181, 181, 
178 

TYPe 2 

11.7,9.7, 6.8, 
5.9 

12.8, 12.6, 12.6, 
12.2, 10.9, 10.9, 
9.5,9.5, 8.9, 8.3, 
7.0, 6.9, 6.5 

TYPe 3 

5.8 

1.9, 1.8 

8.2, 7.4.7.2 

2.0, 0.8 
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Gold-related quartz 

Late-stage bamn quartz 

1; NO. of 
Determinations 

Hornogenization Ternperature 
OC 

Fig. 2. Homogenization temperature of iluid inclusions in quartz from 
the Hattu schist belt. Type 1 inclusions shown as solid and type 2 as 
Open; type 3 not shown. Data are given in Table 1.  

Gold-related quartz 
No. of 
Determinations 

I I 1 
Late-stage barren quartz 

I I 

5 10 
Equivalent Wt. % NaCI 

Fig. 3. Equivalent weight percent NaCI of fluid inclusions in quartz 
from the Hattu schist helt based on freezing point depression. Type 1 
and 2 inclusions are shown. Data are given in Table 2. 

DISCUSSION 

Fluid pressure during quartz deposition within the 
Hattu schist belt is unknown. Without pressure cor- 
rection the homogenization temperatures represent 
minimum temperatures of deposition. Thus, the 
minimum temperature of quartz deposition and asso- 
ciated gold mineralization within the Hattu schist 
belt is between about 200°C and 300°C, median of 
about 240°C (Fig. 2). Correction of a 240°C homog- 
enization temperature, 8.5 percent NaC1-H,O fluid, 
is about + 40°C for 0.5 kbar and + 175OC for 2 kbar 
of fluid pressure (Potter, 1977). Using pressures 
typical of Archean lode gold deposits elsewhere of 
between 0.5 to 2 kbar (Colvine et al., 1988) assuming 
lithostatic pressure equal to fluid pressure would 
yield an actual median deposition temperature of 
about 280°C to 415OC for quartz from the Hattu 
schist belt. This range of temperatures is similar to 
Archean lode gold deposits from other parts of the 
world (Colvine et al., 1988). Although pressure of 
Hattu quartz deposition may have been higher, it is 
also likely that pressure of the fluid during deposition 
was less than lithostatic. Hence, the maximum tem- 
perature of deposition is probably less than 500°C 
based on correcting a 300°C homogenization tem- 
perature (near top of range of reported measure- 
ments) for 2 kbar of fluid pressure. 

Salinity of fluids during quartz deposition were 
between about 6 and 11 weight percent NaCl equiv- 
alent. Density of CO, was probably low. The low 
CO, needs to be verified with simple crushing stage 

studies. Most hydrothermal fluids of Archean lode 
gold deposits have lower salinity, less than 6 weight 
percent NaCl equivalent, and moderate to high CO, 
density (Colvine et al., 1988). The gold-bearini 
fluids of the Hattu schist belt differ from typical 
Archean lode gold deposits as they are more saline 
and apparently depleted in CO,. 

While the fluid inclusion data reported here are 
generally sirnilar to those reported for other Archean 
gold deposits, the exact origin of inclusions is 
equivocal. Both type 1 and 2 inclusions may repre- 
sent either primary depositional conditions for quartz 
and associated gold or those during subsequent de- 
formation and recrystaliization which is likely relat- 
ed to intrusion of late orogenic granitoids (Sorjonen- 
Ward, 1993, this volume; Vaasjoki et al., 1993, this 
volume). Perhaps the relatively high salinities of the 
Hattu quartz data relative to typical Archean gold 
deposits represents contribution of magmatic fluids 
at this late stage. Alternatively, the temperature and 
salinity of fluid inclusions in late-stage barren quartz 
from Kuittla is distinctly different than quartz asso- 
ciated with goldmineralization. It is possible that the 
late-stage quartz represents the post-gold event. Thus, 
it is clear that it may not be appropriate to draw 
conclusions about gold deposition from the fluid 
inclusion data reported here. Stable isotope studies 
of inclusion fluids are needed to help resolve the 
question of inclusion origin. 
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CONCLUSIONS 

Fluid inclusion data for quartz from five gold certain but likely between 280°C and 415OC. Al- 
prospects within the Hattu schist belt yield a median though the origin of the inclusions is equivocal and 
homogenization temperature of 240°C and salinities inclusions may not be genetically correlated to gold 
of 6 to 11 weight percent equivalent NaC1. Since mineralization, the results are within the range of 
pressure corrections of homogenization tempera- with those reported from Archean lode gold deposits 
tures are large, actual temperature of trapping is less elsewhere. 
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Till geochemistry has been the key technique in identifying and delineating 
a >40 km long Au potential zone in the Hattu schist belt and a number of 
individual Au occurrences. High precision Au analysis of 1 composite sample 
(12-16 subsamples)/l6 km2 from the upper C horizon of till appears to be 
sufficient fo r  designating broad areas of mineralization, such as the Hattu 
schist belt, within the late Archean tenain of eastern Finland. A sampling 
density of 1 sample (3-5 subsamples)/4 km2 brings to light more localized Au 
anomalies, and also regional As and B anomalies caused by extensive 
hydrothermal activity in the Hattu schist belt, which covers an area of about 
400 km2. 

Sarnpling on a 250 m x 250 m grid (16 samples/km2, total6400) from the 
bottom part of the till blanket (4.9 m on average) is appropriate for delineating 
major mineralized zones. Data from the anomaly areas show good multivariate 
correlations between Au, Te and Bi in accordance with the lithogeochemical 
and mineralogical results, demonstrating simultaneous, epigenetic deposition 
of the elements. The anomaly patterns of Te in particular are very similar to 
those of Au, thus making it a very useful pathfinder for mineralized zones and 
for helping to select follow-up targets. The variably high Cu, B, As, W, Mo, 
K and loss on ignition, and low Na do not show uniform correlations with Au 
mineralization, but generally correlate with hydrothermally altered zones. 

For follow-up studies, samples were taken from the bottom-most till and 
underlying bedrock surface every 10 m along traverses across the anomaly 
zones. Because of the dense sampling, the use of pathfinders is not as important 
as at regional and local scales, although the distnbution of Te, which is more 
uniform than that of Au may help in detecting and delineating Au occurrences. 
So far, diamond drilling has revealed >10 interesting Au occurrences in the 
geochemical anomalies, some of them of probable economic importance. 
Coherent anomaly patterns and their relation to geologically favorable fea- 
tures appear to be much more important than the absolute Au content of 
individual geochemical samples. The results show unequivocally the value of 
systematic geochemical work in Au exploration, whether regional or detailed, 
when performed simultaneously with geological and geophysical studies. The 
sampling strategy has to be based on knowledge of Quaternary geology and of 
the geology and geochemistry of Au mineralization at different scales. 
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INTRODUCTION 

Gold has not played a significant role in the 
mining history of Finland, unlike in many other 
shield areas, and before the 1980s no clear concept of 
the gold potential of the country existed. However, 
since the mid-1980s systematic investment in gold 
exploration combined with methodological devel- 
opments resulted in the discovery of a number of 
deposits and showings in previously unknown prov- 
inces throughout Finland (Nurmi, 199 1 a, 199 1 b). In 
many instances till geochemistry has been the key 
factor in both establishing the gold potential of a 
larger area and in the discovery of deposits. 

Geochemical mapping and exploration have a 
long history in Finland (e.g., Sauramo, 1924; 
Kauranne, 1959) and significant resources have been 
credited to it. As till is ubiquitous throughout the 
country, it was natural that it should serve as the 
sampling medium for the systematic geochemical 
mapping that was originally conducted over the 
whole of Finland at reconnaissance scale (1 samplel 
300 km2) and recently also at regional scale (1 
composite samplel4 km2). Thus, the impetus for gold 
exploration in the Hattu schist belt area came largely 
from the interesting geochemical anomalies revealed 
by regional scale mapping (Nurmi et al., 1993, this 
volume). Initially, samples were not analyzed for 
Au, but promising W, Mo and As anomalies sparked 
interest in the area in the early 1980s (Salminen and 
Hartikainen, 1986; Hartikainen and Damstén, 1991). 
Since then, geochemical studies based on more than 
20,000 samples from till and the tilllbedrock inter- 
face have permitted a narrow, detached and bifurcat- 
ing mineralized zone to be delineated for over 40 km 
along the Hattu schist belt, and also many individual 
gold prospects (Nurmi and Ward, 1989; Nurmi et al., 
1989; Nurmi et al., 1993, this volume). The impor- 
tance of geochemical techniques in exploration is 
further enhanced by the poor exposure of the miner- 
alized areas and the relatively low sulfide content of 

the gold occurrences, which restrict the applicability 
of geophysical techniques. 

Problems arise in geochemical exploration for 
gold (see, Gleeson et al., 1986) since gold is unevenly 
distributed as native grains of variable size, and small 
samples typically show highly scattered Au values in 
mineralized rock. In till geochemical exploration, the 
occurrence of gold nuggets in till may be even more 
of a problem, as the anomaly thresholds are in the ppb 
range. In addition to the sampling problems, special 
care has to be taken when treating the samples in the 
field and laboratory (Harris, 198 1 ; Kontas, 1991). 

Till geochemistry has been used in gold explora- 
tion in a number of countries, for example, in Canada 
(e.g., DiLabio, 1982; Fortescue, 1983; Sheehan and 
Gleeson, 1984; MacEachern and Stea, 1985, 1987; 
Rarnpton et al., 1986; Sinclair, 1986; Bird and Coker, 
1987; Shelp and Nichol, 1987; Thompson et al., 
1987; Pronk and Burton, 1988; Kaszycki et al., 1988), 
Scotland (Mason et al., 1991), Sweden (Toverud, 
1989; Nilsson et al., 1991), and Finland (Pulkkinen et 
al., 1986; Salminen and Hartikainen, 1986; Äyras, 
199 1 ; Hartikainen and Damstén, 199 1 ; Ilvonen, 199 1 ; 
Kokkola, 199 1 ; Lestinen et al., 1991 ; Peuraniemi, 
1991), but most of these studies have been of a 
reconnaissance nature or at a very detailed scale over 
small areas; they have seldom comprised a wide set of 
potential pathfinder elements. Therefore, apart from 
its direct explorational goals, the present study had a 
more general scope, the aim being to develop till 
geochemical exploration techniques suitable for gold 
prospecting in glaciated terrain. The main emphasis 
was on sampling strategies and the applicability of 
pathfinder elements at various scales. The explora- 
tion and research strategies were planned and the 
results interpreted jointly by the authors. The data 
processing, however, was the sole responsibility of 
A.H., who also supervised the field work. 
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GEOLOGICAL SETTING 

An eastern branch of the Ilomantsi greenstone 
belt in Einnish Karelia, the Hattu schist belt is a 
few kilometers wide and some 50 km long (Fig. 1). 
The Hattn schist belt is composed of felsic to 
intermediate volcanic and epiclastic seqnences which 
despite complex deformation are preserved in suffi- 
cient detail to allow identification of separate 
supracnistal fomations (Sorjonen-Wnd, 1993, this 
volume). The lowermost parts of the sequence are 
characterized by feldspathic greywacks, pyroclastic 
dacites and thin tholeiitic basaltic and associated 
andesiticflows. All these rocks are variably overlain 
by conglomerates, feldspathic arenites, felsic 
pyroclastics, turbidites and Fe-rich chemical 
sediments. The uppermost part of the stratigraphic 
sequeaceincludes tholeiitic and komatiitic volcanics, 
mica schists and mafic pyroclastics. Metamorphism 
occurred at conditions around the greenschistt 
amphibolite transition. 

The rosks of the schist belt are iná-aded by a 
number of syntectonic tonalite stocks a d  associated 

Biottie tonalrle 

Eprcwc & felsic 
J pyroclsstic deposits 

WC &ultmafic rocks 
and iron fermatlom 

Fig. 1. Geological sketch map of the Hatm schist belt area, Ilomantsi, 
eastem Finland, showing the location of gold occmnces.  

porphyry dikes as weU as by granodiorite batholiths 
and leucogranites. Isotopic ages indicate rapid crustal 
evolution around 2.75 Ga (Vaasjoki et al., 1993, this 
volume). 

Gold mineralization is related to extensively al- 
tered shear zones up to several kilometers long and 
hundreds of meters wide (see, Nurmi et al., 1993,this 
volume). Individual occurrences are characterized 
by disseminations and quartz-(tourmaline) veinlets 
in quartz-sericite-chlorite-biotite-carbonate alkred 
schists and intnisives. Although gold deposition is 
not restricted €0 a g  specific rock types, intrusive 
contacts appear to have been structurally favorable 
sites for flnid flow and Au deposition. The content af 
Fe sulfides is relatively low, and fine-grained native 
gold is typically associated with a number of Te and 
Bi rninerals (Kojonen et al., 1993, this volume). 

Since Nenonen and Huhta (1993, this volume) 
have described the Quaternary geology of the Hattu 
schist belt, we will focus here only on some Quater- 
nary geological featutes important for the interpreta- 
tion of the geochemical results. The till blanket is 
ubiquitous and has an average depth of about 5 n 
Only locally does it attain depths in excess of 15 m, 
and so sampling on a regular grid could be performed 
by standard sampling equipment at both regional and 
local scales. Large glaciofluvial deposits and drum- 
lins are absent fiom the area of the Hattu schist belt, 
which would cause difficulties in sampling. The till 
blanket usuaily consists of a single till bed, which 
was deposited by ice flowing from NW, although 
indications of oldw glacial movements, probably 
also Weichselian in age, have been observed 
(Nenonen and Huhta, 1993, this volume). 

In the Hattu schist belt, the glacial erratics on the 
surface of the till have been transported over a 
distance of several kilometers whereas the gravei 
fraction of till at 2 m depth is of more local origin 
(Salminen and Hartikainen, 1985). Even more local 
is the gravel fraction in Che bottom-most part of the 
till bed, and hardly any transport distance could be 
measured in the study of geochernical anomaIies in 
the finest fraction (~0 .06  mm) of the till. For exam- 
ple, the abundance of sphalerite originating from a 
thin mineralized zone falls rapidly into the finest 
fraction due to comminution (Salminen and 
Hartikainen, 1985). As a consequence, the Zn con- 
tent is high in arestricted till horizon at the bottom of 
the till bed near the source in bedrock, whereas the 
comminuted sphalerite transported further with the 
glacier has been rapidly mixed with barren matexial, 
and Zn is diluted to the background level. 
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METHODS 

Sampling strategy 

Sarnpling strategies, including sample spacing and 
depth, were planned separately for each exploration 
stage. The till sarnples were mostly coilected with light 
percussion drills (mainly Cobra 248 and 148, manufac- 
tured by Atlas Copco), hydraulic drills installed on 
snowmobiles being reserved for detailed Studies 
(Fig. 2). The equipment used gave samples weighing 
100-150 g. Sampling was mainly done in winter (1983- 
1992), when it is easy to move and transport machines, 
rods and other accessories by snowmobile. 

Sampling was performed at three different scales: 
1. regional (1 composite samplell6 km2 for Au over 
Karelia) and (1 samplel3-4 km2for Au in the Hattu 
schist belt and the other elements in the whole area); 
2. local (16 samples/km2) and 3. prospect (100-400 
samples/km2) (Table 1). A regular sampling grid was 
planned for the regional and local phases, although 
some allowances had to be made because of eskers, 
hilly moraine forms, lakes or areas with very thin 
overburden. The prospect scale sampling was gener- 
ally done along traverses, although dense grid-type 
sampling was also tested. 

The sampling depth varied according to explora- 
tion scale (Table 1). For example, samples from the 
homogeneous surface parts of the basal till cover 
represent larger areas more reliably than do samples 
from close to the bedrock surface, and even a sparse 
sampling grid may be adequate to indicate large ore 
provinces. However, the peak values of elements and 
the contrasts between background and anomalous 
contents are then low, and sensitive analytical proce- 

dures are needed. 
Composite samples were used at the regional 

phase to further improve the reliability of the sam- 
ples. Samples, collected in the 1970s mainly for base 
metal exploration, were available from the Southern 
part of the area (Ilomantsi 1 : 100,000 map sheet). For 
this study, about 10 successive samples were com- 
bined to make one composite sample. The old sam- 
ples had been taken every 100 m along traverses 1-2 
km apart from the upper part of the C horizon of the 
basal till bed (average sampling depth 1.7 m). In the 
northern part of the area (Naarva 1:100,000 map 
sheet), the samples were collected as part of the 
nation-wide geochemical mapping programme. Each 
sample was composed of three or four subsamples, 
one of which was taken from well below a depth of 
2 m, and the others from 1.5-2.0 m depth. 

The purpose of the local-scale study (16 samplesl 
km2) was to delineate individual mineralized zones, 
and so the samples were taken from the bottom part 
of the till blanket (average sampling depth 4.9 m). 
The prospect scale sampling (1 00-400 samples/km2) 
was done to determine the most favorable drilling 
targets in previously observed anomalies. Samples 
were therefore taken from as deep as possible and 
both a till sample and a chip from the fresh bedrock 
surface, or more usually a bigger sample from the 
weathered bedrock surface, were collected at each 
site (Fig. 2). The average depth (5.6 m) of the 
prospect scale sampling represents the mean thick- 
ness of the overburden in the Hattu schist belt area. 

Table 1. Sampling parameters at different geochemical gold exploration scales in the Hattu schist belt, Ilomantsi. 

Exploration Sampling Sample Materia1 Average Analysed Number of 
scale pattern spacing depth fraction samples 

(samples/km2) (m) (mm) 

Regional Regular grid 0.25 Basal till 1.7 <0.06 64 1 
Local Regular grid 16 Basal till 4.9 <0.06 6414 
Prospect Traverses 100-400 Basal till and 5.2 <0.5 Tot. 

weathered bedrock 5.6 Total sample 14,49 1 

Sample treatment 

The samples were partially dried in the field camps nate other grains with gold grains. At the sarne time 
by opening the mouths of the plastic-covered paper great care was taken to avoid external contamination, 
bags holding the samples, and letting the materia1 e.g. from goldrings (Hartikainen et al., 1983; Kontas, 
dry slowly at room temperature for a few days. The 1991). The samples were sieved after drying at 70°C 
filled sample bags were squeezed daily to contami- at the laboratories of the Geological Survey of Fin- 
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Pig. 2. Sampling techniques in geochemical explorati~n in the Hattu schist belt. Top left: Snowmobile, a sled and sampIig accessories used at 
local scale; Top right: S a m p h g  with P<:rcU.sioa driil equipment; Bottom left: Extracting a sample from a thfough8ow ssuriplw; and Bottomrigth: 
Heavier snowmobile and equipmeutuseti k mose difficult circumstances at prospect scale t+ampUg. 
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land (GSF). The dry samples were emptied into At ihe regional aad local phases the finest sieved 
sieves, taking care not to leave any materia1 in the fraction of till(c0.06 mm) was analyzed, but at the 
corners of the bags. The samples for the regional- prospect scale the sieved fraction ~ 0 . 5  mm of till was 
and local-phase studies were then sieved into three first pulverized with a laboratory planetary mill and 
fractions (<0.06 mm, 0.06-0.5 mm and >2.0 mm), then analyzed (Table 1). Rock and weathered rock 
and for the prospect scale till samples were sieved samples were totally pulverized and analyzed after 
into two fractions (< and > 0.5 mm). the rock type of each sample had been determined. 

Analyses 

The samples were analyzed for a number of ele- GSF laboratories, whereas Ag, As, B, Bi, Sb and 
ments, but the elements and analytical techniques those Au analyses made by DCP were determined at 
used varied depending on the scale and the subarea. the X-Ray Assay Laboratories Ltd. (XRAL) in To- 
The methods used andthenumberof samples analyzed ronto, Canada. With the exception of the two proce- 
at each scale are listed in Table 2. Gold (except for dures used for Au, the analytical techniques are not 
Direct Current Plasma Spectrophotometry, DCP), discussed here in detail, since they were routine at 
Te, Mo, W, S, base metals, Na and K were analyzed the laboratories [Table 2). 
and loss on ignition (L.O.I.) was determined at the 

Table 2. Numbers of samples determined for various elements at different exploration 
scales in the Hattu schist belt, Ilomantsi. GAAS=Flameless Atomic Absorption 
Spectrometry, DCP=Direct Current Plasma Atomic Emission Spectrometry,FAAS=Flame 
Atomic Absorption Spectrometry, and NA=Neutron Activation Analysis. 

Element Method Detection Regional 
limit scale 
( P P ~ )  

Local Prospect 
scale scale 

GAAS (aqua regia) 0.000 1 64 1 
DCP (fire assay) 0.0001 

GAAS (aqua regia) 0.02 

GAAS (aqua regia) 0 . 5  
FAAS (hydride 0 . 1  
generator) 

NA (prompt gam- 
ma spectrometry) 
DCPIFusion 

FAAS (hydride 
generator) 

FAAS (aqua regia) 

FAAS (hydride 0 . 1  
generator) 

GAAS (aqua regia) 0.001 

Spectrometry 0 . 1  

Base met- 
als, K, Na 

Optical emission 
spectrometry* 

Base met- 
als, K, Na 

L.O.I. 

FAAS 

Drying at 70' C 
heating at 1000 OC 

Sulphur titrator 100 

* delimited use ** = not K and Na 
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Gold 

The samples were analyzed for Au at the GSF 
Chemical Laboratories in Kuopio and Rovaniemi. At 
the regional and local scales, 1 g, and during the 
prospect-scale Studies 1 g (Southern part of the area) 
and 4-5 g (northern part of the area), of sample was 
digested in aqua regia, and Au and Te were separated 
by reductive coprecipitation using Hg as a collector 
and stannous chloride as a reductant (Kontas, 198 1 ; 
Kontas et al., 1987). Gold and Te were then deter- 
mined by an atomic absorption spectrometer provid- 
ed with a graphite furnace (GAAS). This technique 
allows reliable detection limits low enough (0.1 ppb 
for Au and 1 ppb for Te) even for regional-scale 
geochemical exploration. For comparison, a subset 
of samples was analyzed for Au using DCP after fire- 
assay concentration at XRAL. 

Metallic gold is not readily homogenized by mill- 
ing, and Au remains as small, extremely heavy par- 
ticles in the pulverized samples. The samples should 
therefore be thoroughly homogenized before split- 
ting for analysis. Table 3 gives the results of a test in 
which portions of samples taken for analysis from the 
surface (mean 0.8 ppb) and bottom (mean 6.2 ppb) of 
stored sample vials yield markedly different results 
from the original analyses (mean 6.7 ppb). It has been 
amply shown that the "real" and representative con- 
tent of gold in till is difficult to determine because of 
its mode of occurrence (see, Harris, 1981; Averill, 
1984; Nichol, 1986). 

made from the Kuittila zone the ratio was 3.0 (Nurmi 
et al., 1989). Although the correlation coefficients 
are poor, coherent anomaly patterns are relatively 
well superimposed at the same sites on the 
geochemical maps. The result demonstrate that use 
of the finest till fraction in gold exploration in the 
Ilomantsi area is well justified, particularly as gold 
occurs mostly as grains c15 pm in the rocks of the 
Hattu schist belt (Kojonen et al., 1993, this volume). 

Table 3. Gold contents (in ppb) in the <0.06 mm fraction of till samples 
( 1 -  13) according to: (A) original Au analysis; (B) samples taken for Au 
analysis from the surface of the sample vial after storage (B); and (C) 
samples taken for Au analysis from the bottom of the sample vial after 'loO 

storage. 

looO - 

Fig. 3. Gold in the <0.06 mm and <0.5 mm till fractions of samples 
collected from the Pampalo zone, the Hattu schist belt, Ilomantsi 
(n=43 1). 

* 
Au ppb, GAAS, x 
e0.06 mm iraction 

1 2 3 4 5 6 7 8 9 1 0 1 1  12 13 Mean 2L7 

The statistical distribution of Au between two 
sieved till fractions was studied by comparing the Au 
values of 431 samples from the Pampalo zone 
analyzed by GAAS (1 g) using the c0.06 mm fraction 
and by fire-assay1DCP (20 g) from the c0.50 mm 
fraction (Fig. 3). The correlation coefficients be- 
tween these two data sets are 0.54 by Pearson's 
method and 0.25 by Spearman's rank correlation 
method. The average Au concentration is 3.8 times 
higher in the fine fraction (14.9 ppb) than in the 
coarser fraction (3.9 ppb). In a similar comparison 

n 
AU ppb, GAAS 
Rovaniemi 

X 

X X  X 

x X  
X 

X 

Au ppb, GAAS 
Y Kuopio 

Fig. 4. Comparison of Au contents in the <0.06 mm till fraction by 
duplicate analyses of samples collected from the Hattu schist belt, 
Ilomantsi (n=55 1). 
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The reliability of the results obtained on the fine 
fraction was checked by analysing 55 1 samples from 
the Hattuvaara area twice for Au. These analyses 
were made at the laboratories of the GSF in Kuopio 
and Rovaniemi by GAAS, both sets of analyses 
being made from the c0.06 mm till fraction (1 g 
sample weight). The average Au concentrations of 
these two data sets do not deviate very much (6.9 ppb 

for Kuopio and 9.2 ppb for Rovaniemi), but the 
correlation was surprisingly poor (Spearman's rank 
correlation coefficient 0.30 and Pearson's correla- 
tion coefficient only 0.08), @g.4) demonstrating the 
difficulty of Au analysis. Despite the poor correla- 
tion between samples, the Au anomalies are roughly 
located in the same areas on the geochernical maps 
(not shown). 

Data processing 

The data processing was mainly done with in- Gustavsson, 1987). These were produced using the 
house programs of the GSF developed for the VAX extensive ALKEMIA package developed at the GSF 
procedure or by using SPSSIPC or SPSS-X statisti- over the last few years (Björklund and Lummaa, 
cal programs. Most of the maps presented in this 1983; Björklund and Gustavsson, 1987; Ahlsved et 
paper are coloured maps drawn by smoothing and al., 199 1 a, 199 1 b). The maps were drawn by 
windowing the original data (Björklund and Tektronix 4207 and Tektronix Colorquick A3. 

RECOGNITION OF GOLD PROVINCES IN NORTH KARELIA 

Gold 

The gold potential of certain areas in the Archean 
terrain of North Karelia is clearly indicated on the 
regional geochemical map, which was compiled on 
the basis of composite samples (1 samplefló km2) 
produced by combining four samples derived from 
the regional mapping (Fig. 5). The sampling density 
was too sparse to show individual deposits or min- 
eralized zones, but scattered anomalous values are 
concentrated in the Hattu (eastem anomaly in Fig. 5) 
and Kovero schist belt areas (Southern anomaly). 
Gold deposits are now known to exist in the Hattu 
schist belt, but no follow-up sampling has yet been 
done in the Kiihtelysvaara area. Although the highest 
values were reduced to 10 ppb to avoid the domi- 
nance of single peak values, a number of scattered 
anomalies are still present on the map, the sources of 
which are not yet determined. 

All samples taken at the regional scale from the 
Hattu schist belt area were successively analyzed for 
Au to raise the sampling density to 1 samplel3-4 km2 
(Fig. 6). The Au anomaly thus obtained was more 
scattered and also showed distinct extensions into the 
northern part of the schist belt. Although Au appears 
to be intimately associated with the narrow schist 
belt and its immediate surroundings, the data are still 
far too scarce to allow selection of drilling targets. 
The average and the standard deviation of Au are 
higher than in the data based on 1 samplelló km2 
(Table 4). 

Fig. 5. Gold in composite till samples at the regional scale (1 samplel 
16 km2) in Karelia, eastern Finland. 



AU and AS 

Au As 
P P ~  ppm 

8 4 0  
- 

50  
g 10 

! l  8 

0 1 

2 

b s l o ~ i c a l  S w c y  of Finland, Special Paper 17 
Till geochemistry in gold exploration ... 

Au and B 

I 
Au B 
P P ~  ppm 

n tr 1; 
' : 

7 : I I  25 I : 0.1 

620409 

Fig. 6. Gold, W, As and B in till at theregional scale (1 samplel4 km2) in the Ilomantsi area, eastern Finland (n=641). Areaof local-scale sampling 
is outlined in the Au map. 
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Table 4. Basic statistical data for Au, As, B, W and Mo at regional scale in the Hattu schist belt, Ilomantsi. 

Number of Samples below Detect. Median Mean Standard X90% Z99% 
samples detection limit deviation 

limit 

Au (ppb, 111 6km2) 

Au (ppb, 114 km2) 

As,ppm 

*, PPm 

W, Ppm 

Mo,ppm 

Arsenic, boron and tungsten 

Archean mesothermal gold deposits are suggested to 
have formed as a result of crustal scale hydrothermal 
processes, and large volumes of fluid are believed to 
have passed the site of ore deposition in order to 
produce an economic ore deposit (e.g., Kerrich and 
Fyfe, 1988; Groves and Foster, 1991). Although the 
distribution of Au is generally more or less haphazard 
and Au may not show wide systematic patterns, the 
huge hydrothermal system involved in mineralization 
must have had a pronounced effect on the distribution 
of many other elements, which are potential pathfinders 
in Au exploration (Boyle, 1987; Nurmi and Lestinen, 
1991). 

Arsenic is generally considered one of the best 
pathfinders for Au (e.g., Kaszycki et al., 1988; Lestinen 
et al., 1991). In the Hattu schist belt As and also B, 
which has not been widely used in Au exploration, 
show distinct regional anomalies overlapping the Au 
anomalous area (Fig. 6). The highest As and B contents 
deviate distinctly from the background values, the 
standard deviation is high (Table 4) and the elements 
have a pronounced mutual correlation (Spearman's 
rank correlation CO-efficient 0.77). 

The anomalies envelop the Au potential area along 
the schist belt, and show a distinct NW-SE trend 
crosscutting the main lithological units. Because the 
material is glacial till and the direction of the ice 
movement was roughly the same as that of the longitu- 
dinal axes of the anomalies, it would be natural to 
expect that the anomaly pattems to reflect the direction 
of glacial transport. However, transport distances of 
material over tenths of kilometers are not evident in the 
Ilomantsi area at a depth of approximately 2 m in till. 
This is particularly true for anomalies in the fine frac- 
tion of till, which are rapidly diluted in the distal side of 
the source, and more detailed Studies demonstrate that 
trace element anomalies generally reflect the 
compositional variation in local bedrock (Salminen 
and Hartikainen, 1985). The As and B anomalies ex- 

tend for several kilometers from the schist belt and do 
not exhibit any distinct signs of dilution in the distal 
parts, which is further evidence against a purely 
glacigenic origin. Moreover, the anomalies are straight 
and coherent and do not form distribution fans, nor are 
distinct source areas known or inferred in the rather 
well exposed anomalous area within the schist belt, 
which would be highly enriched in the elements and 
voluminous enough to produce the anomalies. 

It is more likely that the linear As and B anomalies 
reflect the primary distribution of the elements in the 
local bedrock, which is characterized by the frequent 
but scattered occurrence of tourmaline veins and alter- 
ation halos and by arsenopyrite-bearing quartz(-tour- 
maline) veins. In addition to Archean hydrothermal 
processes, the intense Early Proterozoic NW-SE 
trending faulting associated with the intrusion of abun- 
dant dolerite dikes evidently redistributed and 
reconcentrated As and B, at least to some extent. The 
intensity of the Proterozoic processes is demonstrated 
by the disturbed 0 and RbISr isotope systems of tour- 
maline, quartz and other rninerals (O'Brien et al., 1993, 
this volume). 

Although current exploration activities in the Hattu 
schist belt area were triggered by W (and Mo) anoma- 
lies in the Kuittila area (Nurmi et al., 1993 this volume), 
the use of W as a regional pathfinder for Au appears to 
be limited (Fig. 6). There is no clear correlation be- 
tween W and Au, and the significance of the sporadic 
and weak anomalies in the westem part of the area is 
unknown. Even the peak contents are relatively low, 
and the anomalies may be insignificant (Table 4). In the 
Kuittila area, W occurs as scheelite in narrow quartz 
veins and has been used as apathfinder for Au (Salminen 
and Hartikainen, 1986), even though Au and W seem to 
have been deposited in subsequent primary rnineraliz- 
ing processes (Hartikainen and Damstén, 199 1 ; 
Bornhorst and Rasilainen, 1993, this volume). 
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DELINEATION OF GOLD ANOMALIES IN THE HATTU SCHIST BELT 

Individual Au deposits in Archean greenstone 
belts are typically rather small (Groves and Foster, 
199 1). However, they are commonly associated with 
second- or third-order shear zones, in which they 
may form heavily mineralized zones containing nu- 
merous closely spaced deposits and smaller show- 
ings (e.g., Groves et al., 1985; Colvine et al., 1988). 
In the Hattu schist belt area, where Au exploration 
startedin almost virgin terrain, till geochemistry was 
selected as the most effective way to establish the 
possible existence of ore-bearing shear zones and 
further to delineate individual occurrences. It gave 

the first regional indications of Au mineralization 
and till occurs throughout the poorly exposed area as 
a thin and genetically simple cover. 

The samples for the regional-scale study were 
collected from the upper part of the C horizon, but 
those for the local-scale study were taken from near 
the bedrock surface (Table 1) in order to better 
represent adjacent bedrock. The sampling density 
also had to be distinctly denser at the local than at the 
regional scale. At Ilomantsi 16 samples/km2 proved 
to be appropriate for revealing significantly mineral- 
ized zones. 

Nickel and chromium as lithological monitors 

Nickel and Cr occur in high concentrations in 
ultramafic rocks and produce also the highest values 
and most extensive anomalies in till in the northern 
part of the area (Fig. 7). The metasedimentary rocks 
with a distinct mafic component are also reflected in 
the till geochemistry and are readily distinguishable 
from the low Ni and Cr tonalites surrounding and 
intruding the schists. For example, the Kuittila and 
Tasavaara tonalite stocks within the schist belt can 
easily be delineated with these elements, because the 
minimum areas caused by tonalitic lithology are 
surrounded by distinct anomalies of Ni and Cr (Fig. 
7). Furthermore, the similarity in shape of the tonalites 
and the negative anomalies of Ni and Cr are convinc- 
ing evidence that the elements in the fine fraction of 
samples from the bottom parts of the till cover have 
been transported only a very short distance. On the 
other hand, the positive Ni and Cr anomalies form 
long tails outside larger ultramafic bodies in the 
direction of ice movement. In these tails, only a 
minor part of the till is of ultramafic origin, but it is 
still enough to produce anomalous Ni and Cr con- 
tents in the till over the granitoid area. 

Fig. 7. Nickl and Ct in till at the local scale (16 sampledkm2) in the 
Hattu schist belt area, Ilomantsi (n=6414). 

Gold 

As shown by the local scale studies the coherent zone along the western side of the Kuittila tonalite 
and distinctive regional Au anomalies are composed and the Pampalo zone in the northern part of the area. 
of scattered and discontinuous smaller anomalies, Recent follow-up studies have shown that these two 
which, however, occur systematically for >40 km zones, at least, have been pathways of major 
along the schist belt (Fig. 8). The study also revealed hydrothermal fluid circulation and that Au was ef- 
continuous, linear anomalies trending NW-SE and fectively precipitated at the depth of the present 
NE-SW. Mostprominent are the >lO kmlong Kuittila erosion level (Nurmi et al., 1993, this volume). 
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Smaller anomalies outside these two zones sel- deposit in the central part of area is convincing 

dom occur far from the supracrustal rocks. Although evidence that not all individual deposits necessarily 
economically interesting prospects have been found show distinct geochemical indications at this scale. 
in the Kuittila and Pampalo zones, the Ramepuro 

PAMPALO 
?ONE 

d Au 

KUITTILI 
ZONE \A 

Fig. 8. Gold in 1111 at the local scale (16 samples/km2) in the Hattu 

@ 90ld occurrence schist belt area, Ilomantsi; the known Au occurrences are shown 
(n=5094). Areas for multielement studies are outlined. 
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Pathfinder elements 

Typical econornic grades for Au deposits are from 2 
to 10 ppm and background Au values in common rock 
types are around 1 ppb (Crocket, 1991), which means 
that geochemical exploration has to deal with ppb 
concentration levels. Even though the sarnples are 
carefully analyzed with a sensitive method, the more 
or less random occurrence of gold as small native 
grains in the bedrock and till considerably reduces 
the reliability of individual geochemical samples. 
The risk of false anomalies cm,  however, be mini- 
mized by a multielemental approach. The distribu- 
tion of pathfinder elements may be more straightfor- 
ward, their contents usually being much higher than 
those of Au and because they are more evenly distrib- 
uted in the sample material. Pathfinder elements may 
be closely correlated with Au, and so be useful in 
tracing individual ore lodes, or they may form exten- 
sive halos, and thus increase the size of the target. 

Kuittila zone 

An area of 33 km2 known to contain several drill- 
indicated gold occurrences in bedrock was selected 
to cover the gold anomaly zone in the Kuittila region 
(Nurmi et al., 1993, this volume) (Fig. 9). The same 
samples as those collected from a 250 m x 250 m grid 
in the whole local scale study area were analyzed 
from this particular subarea for Au, Te, Ag, As, Bi, 
Sb, W, Mo, B, Cu, Na, K and L.O.I. (Table 2). 
Because of the complexity of the analytical proce- 
dures and the sandiness of the till in the Kuittila area, 
not all of the 522 samples taken from the area had 
sufficient amounts fine fraction (<0.06 mm) for all 
the analysis. Thus, Au, Te, Ag, As, Bi, Sb, B and 
L.O.I. were determined from the pulverized 0.06-0.5 
mm fraction for all samples. As stated earlier, the 
results of different till fractions show a general com- 
patibility, but average abundances of Au in the fine 
fraction are three to four times higher than in the 
analyzed coarser fraction. 

Anomaly patterns 

Gold defines a distinct, curvilinear anomaly zone, 
0.5 to 1 km wide, along the western contact of the 
Kuittila tonalite. The best anomalies occur around 
Muurinsuo, Kivisuo, Korvilansuo, Kuittila and 
Kelokorpi, all of which are gold prospects with drill- 
indicated Au occurrences (Nurmi et al., 1993, this 
volume) (Fig. 9). In addition to this zone, called here 
the main anomaly zone, Au exhibits less distinct 

Regional-scale exploration indicates that the Hattu 
schist belt is anomalous in Au, As, B, and in restrict- 
ed areas in W andMo. Rock geochemical (Bornhorst 
and Rasilainen, 1993, this volume; Rasilainen et al., 
1993, this volume) and mineralogical (Kojonen et 
al., 1993, this volume) studies further demonstrate 
that Au is associated with several trace elements, e.g. 
Te, Bi, Ag, As, W, B and Mo, and that mineralized 
zones have undergone extensive wall-rock alteration 
as revealed, for example, by the addition of volatiles 
and K, and the removal of Na. 

The mostinteresting subareas, namely, the Kuittila 
zone and the Parnpalo zone, as well as the Hattuvaara 
area and the Ramepuro prospect (see, Figs. 1 and 8), 
were selected as test areas for the applicability of 
pathfinder elements in Au exploration. A slightly 
different set of elements and data processing tech- 
niques were used in the case studies. 

anomalies over large areas in the northeastern part of 
the area and also concise, erratic anomalies within 
the tonalite, whereas the NW and SW parts of the 
study area show only background Au values. 

Tellurium correlates best with Au, having a log- 
arithmic correlation coefficient of 0.54 and defining 
the main anomaly zone even more sharply than Au 
itself (Fig. 9). The maximum values of the elements 
tend to overlap, except in the surroundings of the 
Kuittila prospect, which is fairly low in Te, as also 
shown by drill-core analyses (Nurmi et al., 1993, 
this volume). There are only a few Te anomalies in 
areas of low Au. 

Boron, As, Bi and Cu show isolated anomalies in 
the main anomaly zone, but none of the elements is 
distinctly anomalons for the entire length of the 
main anomaly zone (Fig. 9). Boron and As exhibit 
the most consistent and extensive anomalies in the 
Korvilansuo area, which evidently record the gener- 
al occurrence of arsenopyrite-bearing tourmaline- 
quartz veins and hydrothermally altered tourmaline 
rich rocks in the region. Copper is also concentrated 
in the Korvilansuo-Kivisuo area. It is weakly anom- 
alous at Kuittila but low at Muurinsuo. Only 116 
samples contained 2 0.1 ppm Bi, which was the 
detection limit. However, these values are concen- 
trated in two distinct anomalies in the Korvilansuo 
and Kelokorpi districts. 

The Ag contents vary much less than those of Au 
and Te (Fig. 9). Isolated and ill-defined anomalies 
occur along the main zone; the only strong, consist- 
ent anomaly lies a few hundred meters west of the 
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Fig. 9. Gold, Te, &, A$,Bi, W, Mo, B, Cu, Na, K and L.O.I. (loss on ignition) in till at the local scale (16 sampledkm2) in the Kuittila zone, 
the Hattu schist klt, Ilomantsi (n=5U). Black curves refer to lithological contacts (c.f., Fig, 1); stars to gold occmencea; and white dors (Au 
map) to sample s k s .  

Au ammaly and the Kuittila prospect. High Pb and 
Zn contents (not shown) occur in the same area, 
consistent with synvolcmic polymetallic minerali- 
zation as a sonrce of Ag. Mineralization of this kind 
is located some 20 km north of Kuittila (unpublished 
data) and $ the analogous Tipasjärvi schist belt in 
Kuhmo (Papunen et aL, 1989). 

Tungsten and No behave independently, being 
closely associated with the Kuittila tonalite, espe- 
cially with the southern part of the stock (Fig. 9). The 

strongest anomalies of both elements are seen around 
the Kuittila prospect, where molybdenite-scheelite 
bearing quartz-veins are common (Salminen and 
Hartikainen, 1986; Hartikainen and Danistén, 199 1; 
Nurmi et al., 1993, this volume). 

This widespread but weak minerahation appears 
to be older than the gold mineralizationand may have 
a genetic link to the tonalite magmatism. The Mo 
anomalies in particular are associated with the Kuittila 
tonalite, whereas W shows anomalous values over a 
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small tonalite bo@ at Korvilansuo and in the schist Table 5. A four factor model (rotated Varimax) based on eight elements 
in the sarnples of the Kuittila area, Ilomantsi. Only the loadings >0.3 are area at Kivisuo, where scheelite has occasionally shown (N=182) L.O.l.= loss on ignition. 

been encountered in drill cores. Both elements have 
very low values in the northeastern half of the study 
area, possibly owing to a fault-controlled difference 
in the erosion level relative to the tonalite-related, 
post-magmatic mineralization. 

Antimony contents in the Kuittila till are mostly 
below the detection lirnit (0.1 ppm), and the highest 
values are randomly distributed along the main anom- 
aly zone (not shown). The low Sb in till is a natural 
consequence af the low contents in the mineraliza- 
tion (Nurmi et al., 1993, this volume). 

Depletion of Na and an increase in L.O.I. are 
distinct wall-rock alteration phenomena associated 
with mesothermal Au mineralization due to hydra- 
tion and carbonation (Kerrich andFyfe, 1988). These 
processes are also clearly reflected in the till 
geochemistry as conspicuous anomalies of low Na 
and high L.O.I. along the main gold potential zone 
(Fig. 9). The anomalies in this zone are almost 
congnient, supporting the interpretation that their 
distribution is largely controlled by the mineralizing 
fluids. Sodium and L.O.I. anomalies suggest that 
alteration was most intense and widespread in the 
Korvilansuo-Kivisuo area, but less so in the 
Muurinsuo and Kuittila areas. This finding is in 
accordance with drill-core data. The reason for the 
high L.O.I. and low Na in the northeastern part of the 
area is not known, because the area is not exposed 
and drilling has not been conducted. 

Potassium, although a common component intro- 
duced by the hydrothermal alteration related to gold 
mineralization in this area and mesothermal gold 
mineralization in general (Kemch and Fyfe, 1988; 
Bornhorst and Rasilainen, 1993, this volume), does 
not correlate with Na and L.O.I. in the till (Fig. 8). It 
exhibits discontinuous anomalies subparallel to the 
main anomaly zone and intimately connected to the 
southwestern margin of the Kuittila tonalite. Exclud- 
ing the anomaly at the southern end of the Kuittila 
body, the distribution of K closely resembles that of 
W and Mo, and apparently indicate postmagmatic, 
tonalite-related rnineralization preceding gold depo- 
sition. 

Multivariate analysis 

Mineralization cannot be the only, or even the 
major, process controlling element distribution in till 
samples collected over an area as large as 33 km2. 
Although the study area is extensively mineralized, 
the median values of the sample population are close 
to normal background (e.g, Au 0.8 ppb, Te 9 ppb, Ag 
30 ppb, W 1 ppm, B 20 pprn and As 6.7 ppm). This 
implies that element abundances and correlation co- 

F 1 F 2 F 3 F 4 

Au .46 .32 .4 1 

Te .80 .33 

Bi .86 

Ag .96 
As .40 .58 

B .92 
Na -.89 
L.O.I. .35 .77 

% of whole variance 22.7 22.1 16.8 14.2 
Association Bi-Te (-)Na-L.O.I. B-As Ag-(Au) 

-(ALI) -(As) 

efficients in the whole data set are strongly affected 
by factors other than mineralization, such as 
lithological variations and the glacial and post-gla- 
cial history of the till. Therefore, a subset of 182 
samples (35% of the total 522 samples) roughly 
overlapping the main anomaly zone was selected for 
factor modelling (Table 5). As the distributions of 
Au-affiliated elements in the majority of these sam- 
ples reflect processes related to gold deposition, 
factor models and factor score maps should explain 
the multivariate element distributions from the min- 
eralization point of view. 

Several factor models with different numbers of 
factors and variables were tested. A four-factor model 
with eight variables was deemed geologically the most 
appropriate (Table 5). Gold does not show highloadings 
in any of the factors, but is divided between three 
factors. Factor 1 explains the distribution of the Au- 
affiliated elements Bi and Te, and more weakly that of 
Au. Thus the factor score map closely resembles the 
maps of Bi and Te, showing the strongest anomalies in 
the Korvilansuo and Kelokorpi areas (Fig. 10). Factor 
4 does not supply any information not already on the Ag 
map, but Factor 2 combines the distributions of Na and 
L.O.I., revealing the most heavily altered areas at 
Korvilansuo, Muurinsuo and in the northeastern part of 
the region. Kuittila, too, appears on the map as a weak 
anomaly. Factor 3 exhibits the distribution of tourma- 
line-quartz vein systems at Korvilansuo and along the 
southwestern contact of the Kuittila tonalite. 

Discriminant analysis was used to test whether the 
known mineralized areas could be defmed on the basis 
of till geochemical anomalies. To this end, 19 samples 
were selected from around the Kuittila prospect, 20 
from around the Korvilansuo prospect and 29 from 
around the Muurinsuo prospect. For the background, 
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Fig. 10. Factor scores based on till geochemical data at the local scale (16 samples/km2) in the Kuittila zone, thsHattu schist belt, Ilomantsi 
(n=522). + c 

Fig. 11. The distributions of the discruninant probabilities of the till samples of belonging ro the Kuittila, Korvilansuo aud Muurhsuo type and 
to aii of these types in the Kuittila zone, the Hattu schist belt, Ilomantsi (n=522). See text for details. 

32 random samples were chosen from outside the main 
anomaly zone. The discriminant analyses were made 
with the SISTAT package by includlng W, Mo, Cu 
and K as well as the vafibles used in the factor 
analysis. The results show that there are significant 
differences Yi till geochemistry around the showings. 
The fiequencies in Table 6 demonstrate that the discri- 
minant model correctly classifies about 85% of the 
type samples frorn the Kuittila and Korvilansuo areas, 
d 7  1% of the background samples, whereas only 
66% of the Muurinsuo m p l e s  fal-l into the Muurinsuo 
&rOUP. 

The maps in Fig. 11 exhibit the distribution of the 
samp1es"obability of blonging to any of the model 
populations. Those samiples which are similar to the 
Kuittila model all occur around that prospect (Fig. 1 l), 
whereas sampEes of tb Korvilansuo type are present 
not only at Korvilansuo but also at Kelokorpi and 
MuUnnsuo. Samples of the Muurinsuo type occur with 
the _hghest probability around that prospect, but a 
sirrtilar geochemicál composition also prevails over 
large areas in the northeastern part of the study area. 

Table 6. Predicted discriminant analysis grouping of geochemical 
data for test samples from selected prospects in the Kuittila zone, 
Ilomantsi. 

Number of Kuittila Konlilan- Muurin- Backg- 
rest samples SUO suo round 

_ - 

Kuittila 19 16 1 0 2 
Korvilansuo 20 0 7 1 2 

Muurinsuo 29 0 4 19 6 
Backgsound 32 1 2 5 24 

Although the Muurinsuo model produces the most 
dispersed anomalies, it is the only map with a consistenl 
anomaly between the Muurinsuo and Kivisuo pros- 
pects, a zone whose gold potential hs been proven by 
detailed studies. Figure 1 1 also exhibits the distribation 
of samples with a high probability of belonging to any 
of the three model areas, demonstrating that the main 
anomaly zone can be sharply delimited with discruni- 
nant analysis. 
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Fig. 12. Oold, Te, B, As, Cu and Bi in till at the local scale (16 sample$/km2) in the Pampalo zone, the Hattu schist 
belt, Ilomantsi (n=15 16). Stars indicate gold occurrences and triangles high Au glacial erratics. Main roads are also 
shown. 
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Pampalo zone 

Another test area was delineated for detailed ex- 
amination of the 250 m x 250 m grid scale sampling 
in the northern part of the study area. This area 
included the Pampalo zone and related consistent 
anomalies and the Ramepuro deposit with its sur- 
roundings (total15 16 samples)(Fig. 12). The 95 km2 
area covers the main volcano-sedimentary sequence 
with dacitic to ultramafic rocks, numerous felsic 
intrusions and distinct deformation zones (see, 
Sorjonen-Ward, 1993a, 1993b, this volume). 

With some exceptions, the <0.06 mm till fraction 
was used in the determinations. For the northern part 
of the area (1080 samples), the pulverized 0.06-0.5 
mm fraction was analyzed for B and L.O.I., but the 
finest fraction was used for the rest of the L.O.I. 
determinations. The differences between the con- 
centration levels in the L.O.I. data sets (mean L.O.I. 
for c0.06 fraction is 1.58% and 0.5 1 % for the coarser 
fraction) were corrected for multivariate analyses by 
adjusting the means to the same leveL 

Anomaly patterns 

Gold shows extensive and distinct anomalies in 
this zone, too (Fig. 12). Although not as continuous 
as in Kuittila, the Pampalo zone forms a partly 
discontinuous, curvilinear anomaly >12 km in length. 
There are numerous smaller Au anomalies in the 
north and northeast of the main zone, which includes 
the Ward and Korpilampi prospects, and also in the 
southern part of the area around the Ramepuro pros- 
pect. Only three targets have been drilled in the 
Pampalo zone, but preliminary results from the 
Korpilampi and Valkeasuo prospects and especially 
from the Ward prospect demonstrate that the whole 
anomaly zone has economic potential (Nurmi et al., 
1993, this volume). The gold prospects are clearly 
associated with extensive anomalies but do not alone 
explain them. On the other hand, the Ramepuro 
deposit is poorly reflected in the anomalies. The gold 
potential of the anomaly areas is further indicated by 
several boulders with high Au contents and by high 
Au values determined in follow-up geochemical 
sampling at a number of localities. 

Tellurium does not have such adistinct and simple 
correlation with Au as it does in the Kuittila zone. In 
the Pampalo area, the Te values are highest along the 
western margin of the study area, where the Au 
contents are low (Fig. 12). However, a series of 
discontinuous Te anomalies is encountered in the Au 
anomalous zone and also in the southeastern corner 
of the study area. The till in both northern prospect 
areas is clearly anomalous for Te, but not in the 
Rämepuro area in the south. 

The B and As anomalies in the western margin of 
the area resemble those of Te. Both elements also 
reveal the mineralized areas of the Ward and 
Korpilampi prospects, but not the Ramepuro deposit 
(Fig. 12). The consistent As-B anomaly is in exactly 
the same area as that in which the maximum values 
were located in the regional data, and shows the style 
of the anomaly pattern in detail. Tourmaline occurs 
throughout the area in thin (c1 cm) and, locally also 
in wider, tourmaline-(quartz) veins which are com- 
monly arsenopyrite bearing. Antimony (not shown) 
has clearly higher contents in the Pampalo zone than 
in the Kuittila zone, but still the values are quite low. 
The highest concentrations form an anomaly closely 
resembling the As anomaly. 

Copper (Fig. 12) exhibits coherent anomalies in 
the middle and in the western margin of the area. The 
bulk of the anomalies can probably be explained by 
the natural variation of Cu in different lithologies. 
Nevertheless, the existence of the highest Cu values 
in the same area as Te, As and B, and also around the 
Ward and Korpilampi prospects, indicates that Cu 
participated in the Au mineralizing processes. Al- 
though the Rämepuro deposit contains both Cu and 
Bi in relative abundance (Nurmi et al., 1993, this 
volume), the contents of these elements are low in till 
in the surroundings of the deposit. Bismuth is clearly 
distributed in two different zones: in the As-B-Te 
dominant zone and in the zone with the highest Au 
values. Its concentration is especially high in the 
central part of the Pampalo zone. 

Tungsten andMo were analyzed in only a few test 
sample sets, sufficient, however, to show that the 
contents of these elements are fairly low and are 
closely associated with some tonalitic intrusions 
outside the Pampalo anomaly zone. 

The Ramepuro Au deposit is the only known 
prospect that is not well reflected in till geochemistry. 
The mineralization occurs in till-covered bedrock 
over 500 m long, but it is only a few meters wide, 
associated with a narrow alteration zone and has no 
parallel systems (Ojala et al., 1990). 

Multivariate analysis 

The background values (median values) are usual- 
ly slightly higher in the Pampalo zone than in the 
Kuittila zone: Au 2.9 ppb (0.8 in Kuittila), Te 16 ppb 
(9), As 15 ppm (6.7), B 50 ppm (20) and 90% of the 
samples contained 0.1 ppm (detection limit) Bi (in 
Kuittila 22 %). The difference in values between 
Pampalo and Kuittila is at least partly explained by 
the different fractions used, but the higher values at 
Pampalo nevertheless indicate more intense mineral- 
izing processes. 
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Table 7. Pearson's (NE-corner) and Spearman's rank (SW-corner) correlation coefficients between the variables in the Pampalo zone data, 
i l o m t s i  (n=iá16), L.O.I.=Loss on ignitlon. 

Pearson's correlation coefficimt 

Au Te L.O.I. Fe Cu Depth 

ks 

Sb 

Bi 

B 

Au 

Te 

L.O.I. 

Fe 

Cr 

Ni 

eu 
Depth 
-- - 

Speaman's rank correlation coeficient 

Fig. 13. Au x Te, and As-Sb-Bi-B and Ali-Te-Cu-Bi factor scores in till at the local scale in the Pampalo zoné, the 
aizttu schist beit, Ilomantsi (114516). 
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rable 8. A five-factor (F1-F5) model based on values of 12 variables 
of till from the Pampalo - Hattuvaara area, Ilomantsi (N=1516). Only 
loadings >0.3 are shown. L.O.I.=loss on ignition. 

F1 F2 F3 F4 F5 Commu- 
nality 

As .77 0.69 

Sb .76 0.66 

Bi .63 .50 0.66 

B .56 .31 0.42 
Au .73 0.55 
Te .76 0.68 

L.O.I. .78 0.64 
Fe .86 0.81 
Cr .94 0.91 
Ni .93 0.91 

Cu . 5 ~  .61 0.73 

Depth -.82 0.70 

% of whole 26.9 13.9 11.3 10.2 7.3 
variance 

In this case all 15 16 samples were included in the 
multivariate analyses, the values were standardized 
and the two highest values were dropped to the level 
of the third highest level+ (two) standarddeviation(s). 
The correlation matrices and factor analyses were 
based on 10 elements, L.O.I. and sampling depth. 

Pearson's and Spearman's rank correlation co- 
efficients are shown in Table 7. The values obtained 
with the rank correlation method are in general at a 
higher level, but both show a slight positive correla- 
tion between Au and As, B, Te, Fe, Cr, and Cu, but 
not between Au and Sb, L.O.I. or sampling depth. 
The relationships between Au and As, B, Te and Cu 
are not unexpected, bearing in mind the element 
associations in the gold mineralizations studied 
(Bornhorst and Rasilainen, 1993, this volume). The 
slight positive correlation between Au and Cr (and 
Fe) probably indicates that the mineralization is 
located within or adjacent to an ultramafic lithology 
in the Parnpalo zone. 

According to the correlation tables, the best path- 
finder for Au at the scale used in the Pampalo area is 
Te. Simple multiplication of the abundances of these 
two elements gives a map (Fig. 13) which describes 
the Pampalo zone very well (cf., Fig. 12), but the 
strong tendency of Te to be associated with the As- 
Sb-Bi-B anomalies, too, produces anomalies into the 
western part of the study area, which appears to lack 
Au. 

Factor analysis was employed to study the 
multivariate associations. Several factor models re- 
sembled each other very closely, but the 5-factor 
model created with the VARIMAX method proved 

to be geologically the most logical when based on 12 
variables (Table 8). 

Factor 1 has the highest loadings for As, Sb, Bi and 
B. This strong factor (26.9% of total variance) prob- 
ably describes the distinct mineralizing process al- 
ready observed in the regional data, with which the 
association of Au is not unambiguous. As expected, 
the strongest anomaly is situated in the western part 
of the study area (Fig. 13). 

Factor 3 includes Au and Te with the strongest 
loadings and Bi and Cu with weaker loadings. As 
pointed out on previous pages, this factor was ex- 
pected to describe the main mineralization process 
(Fig. 13). However, it explains only 1 1.3% of the 
total variance, and the communality of Au is quite 
low. 

Factor 2 is a typical mafic-ultramafic factor, but 
the weak loading of B suggests that tounnalinization 
was common in the basaltic-komatiitic lithologies. 
Factor 4 proves that the L.O.I. value tends to be 
higher when the till cover is thin. Most of the samples 
were collected from below the groundwater table, 
but still factor 4 indicates that the rninerals near the 
surface are weathered and water-bearing. Thus the 
L.O.I. value evidently does not reveal anything about 
the concentrations of carbonates or sulfides. Factor 5 
is a combination of a sulfide mineral association 
(pyrite, pyrrhotine and chalcopyrite) and a mafic 
association (tholeiitic and komatiitic rocks). 

Characteristics of the gold and arsenic dominant 
zones 

The most interesting factors, As-Sb-Bi-B and Au- 
Te-Cu-Bi, exhibit distinct parallel anomalies which 
occur close to each other but do not overlap on the 
factor score maps (Fig. 13). The element associations 
within these zones were studied in detail by making 
a separate factor analysis for each of the areas shown 
in Fig. 13. To compare the loadings as accurately as 
possible with the factor analysis of the whole study 
area, the factor analyses were made using the same 
12 variables and a 5-factor model as before. 

In the As-dominant zone, the factor loadings differ 
from those of the model including the whole set of 
data (Table 9). The As-Sb-Bi association is naturally 
still the strongest factor, but Te now has a weak 
loading instead of B. It also has a loading in the 
sulfide-mafic factor but not with Au. Gold forms a 
factor together with B, with Cu weakly included. The 
other factors, Ni-Cr andL.O.1.-depth, are the same as 
before. 

In the Au-dominant zone the Au factor is now the 
strongest and alone explains 3 1.2% of the total var- 
iance (Table 10). The Au factor contains the same 
elements but with stronger loadings than the Au 



rable 9. A five-factor (Fl-F5) model (Varimax rotation) based on 
values of 12 variables of till from the As-dominated anomalous part in 
the Pampalo zone, Iiomantsi (N=208). Only the loadings >0.3 are 
shown. L.O.I.=loss on ignition. 

F1 F2 F3 F4 F5 Commu- 
nality 

As .84 0.80 

Sb .74 0.70 

Bi .89 0.82 

B 0.68 

Au 0.69 

Te .48 0.73 

L.O.I. .76 0.71 

Fe 0.69 

Cr .92 0.89 

Ni .93 0.91 

Cu .58 .53 0.64 

Depth -.75 0.66 

% of whole 25.3 19.1 11.2 10.2 8.5 
variance 
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Table 10. A five-factor (Fl-F5) model (Varimax rotation) based on 
values of 12 variables of till from the main Au-dominated anomalous 
part of the Pampalo zone, Ilomantsi (N=242). Only the loadings >0.3 
are shown. L.O.I.=loss on ignition. 

F1 F2 F3 F4 F5 Commu- 
nalitv 

As 0.81 

Sb 0.84 

Bi 0.79 

B .51 0.49 

Au 0.56 

Te 0.83 

L.O.I. 0.67 

Fe .85 0.80 

Cr 0.97 

Ni 0.96 

Cu .90 0.88 

Depth .75 0.67 

% of whole 31.2 18.5 10.7 9.6 7.3 
variance 

factor in the factor analysis of the whole study area. Te, Cu and Bi indicate an economically interesting 
The exception is Sb, which now has a weak loading. mineralization type in the main Pampalo zone. The 
The As-Sb-Bi-B association still exists, but in this strong loading of Cu in this factor, instead of the 
factor analysis is only the second strongest. Compar- sulfide factor, implies a significant mineralizingproc- 
ison of the factor models shows that the pathfinders ess. 

PROSPECT-SCALE EXPLORATION 

The local-scale studies demonstrate that Au miner- 
alization is concentrated in distinct zones, e.g. Kuittila 
and Pampalo, and that the data points are dense enough 
to delimit the areas for follow-up surveys, and, in some 
cases, to determine drilling targets, particularly if the 
anomalies can be combined with geological and geo- 
physical indications. However, the anomalies of Au 
and its pathfinders form zones kilometers long and up 
to several hundreds of meters wide which, according to 
detailed sampling and drilling, typically contain exten- 
sive hydrothemally altered and deformed lithologies 
(see, Nurmi at al., 1993, this volume). Gold is widely 
anomalous, with contents varying from tens to hun- 
dreds of ppb, but the ore-grade zones are structurally 
complex, heterogeneous and only a few meters wide 
and tens to hundreds of meters long, forming small 
targets difficult to discover. Hence, it is obvious that 
geochemical techniques must still be used at the pros- 
pect scale to locate the most promising targets for 
diamond drilling in the Hattu schist belt. 

To start with a regular sample grid (50 m x 50 m) was 
used at some prospects, but it soon became clear that 
sampling along traverses at 10 m intervals was more 

effective. Locaily, 5 and 20 m intervals were aiso 
tested. A follow-up survey of an interesting geochemical 
anomaly usually got under way with a few traverses set 
200 to 300 m apart and by adding other traverses as 
needed. A 10-m sample interval was considered dense 
enough for sampling from individual lodes or their 
primary haios. 

Two kinds of sample were taken using percussion 
drills with special through-flow samplers: 1) small 
bedrock samples (10-100 g) from the bedrock surface, 
which was often weathered and 2) till samples from 
imrnediately (10-50 cm) above the previously collect- 
ed bedrock sample. According to some tests, the 
likehood that the sample is actually taken from bedrock 
and not a glacial boulder is very good when the till 
blanket is <10 m thick (mean thickness 5.6 m). Till 
samples are also irnportant in Au exploration at this 
scale, because a till sample represents the local bedrock 
and its Au content more widely than a small rock 
sample. The recognizable rock fragments in till sam- 
ples taken from immediately above the bedrock can 
usually be correlated with rock types known to outcrop 
nearby, demonstrating the local origin of the material. 
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Fig. 14. Gold in till (n=690) or in surficial bedrock (n=702) (maximum Au content shown at each 
sarnpling site) at the prospect scale in the Korvilansuo-Muurinsuo zone, the Hattu schist belt, Ilomantsi 
(see Fig. 8 for location). 

Korvilansuo-Muurinsuo zone 

The 6 km long Korvilansuo-Muurinsuo anomaly 
zone, representing the northern half of the Kuittila 
zone, was selected as a potential area for extensive 
follow-up sampling, because of consistent and ex- 
tensive anomaly patterns. Altogether 2 100 samples 
were taken every 10 m along traverses 100 to 300 m 
apart from the surface of the bedrock and the bottom 
of the till blanket. Gold and As were analyzed by 
GAAS using 1 g weight. 

A partial leaching (FAAS, aqua regia) technique 
was tested for the main elements and some of the 
trace elements (Al, Ba, Ca, Fe, K, Mg, Na, Rb, Sr, Li, 
Cu and Ni). For this, 1392 samples (690 till samples 
and 702 bedrock or weathered bedrock samples) 
were analyzed to study the usefulness of these analyt- 
ical data for Au exploration. Another reason for the 
test was that regional geochemical mapping in Fin- 
land produces corresponding data from over large 
areas. The samples were also analyzed for S by sulfur 
titrator and for L.O.I. 

Prospect-scale sampling reveals the true nature of 
the Kuittila zone, which, on the local scale 

geochemical maps, was defined by distinct, continu- 
ous anomalies of Au and its pathfinders. The zone is 
in fact composed of numbers of parallel anomalies 
but their continuity is uncertain in detail (Fig. 14). 
However, at least a few distinctly Au anomalous 
samples were obtained from all traverses, demon- 
strating the pervasive and extensive nature of the 
mineralizing system. The 67 holes drilled so far 
prove that the geochemical anomalies observed are 
real features reflecting Au mineralization in the ad- 
jacent bedrock. All the targets drilled have zones a 
few meters to tens of meters wide, with >100 ppb Au 
and more or less erratic ore-grade (2-10 ppm) Au 
contents over 1 to 10 m core lengths (see, Nurmi et 
al., 1993, this volume). 

Gold is so irregularly distributed that the small 
geochemical samples taken can by no means give a 
quantitative estimate of the average Au content in 
larger volumes of the bedrock. Thus, evaluation of 
the importance of different anomalies has to rely 
more on the systematics of the anomaly patterns and 
on their correlation with geological and other indica- 
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tions. Our experience from this area has shown that 
individual peak values do not necessarily manifest 
high concentrations in the bedrock. 

The partial dissolution data on the major and 
associated trace elements turned out to be of limited 
use in detailed Au exploration. Correlation coeffi- 
cients and factor analyses (not shown) all indicate a 
very strong relationship between Al, Ba, Cu, Fe, K, 
Li, Mg, Ni, Rb and L.O.I. in the till data. This 
association is mainly due to the leachability of the 
elements from (weathered) biotite and clay minerals; 
another strong relationship between Ca, Na and Sr is 
due to the partial dissolution of plagioclase. Gold 
does not show any clear correlation with the major 

elements. Gold, As and S form their own associa- 
t ion~, although S has weak correlations with the 
chalcophile elements Cu and Ni. Data on the bedrock 
samples (702 samples) exhibit associations closely 
sirnilar to those of the till data, without any distinct 
correlations between Au and the other elements. 

The results further show that at prospect scale, Au 
and As are not closely related to each other in the 
bedrock sarnples, which is in accordance with the 
findings of lithogeochemical studies (Bomhorst and 
Rasilainen, 1993, this volume). However, in till sam- 
ples representing wider areas a weak correlation exists 
between these elements. In the till data there are no 
correlations between Au and Cu or between Au and S. 

Comparison with drill core data 

A total of >14,500 samples (from about 7000 
sampling sites) comprising approximately 50% from 
bottom-most till and 50% from rock or weathered 
bedrock were taken by percussion drill from the gold 
anomalous zones established by the local-scale stud- 
ies. These detailed studies frequently revealed Au 
values of >100 ppb in both till and bedrock. Some of 
the anomalies were checked by diamond drilling, and 

we here present examples from three targets in which 
holes were drilled directly in till geochemical travers- 
es. The Kuittila prospect is hosted by a tonalite, and 
the Elinsuo prospect lies in a sedimentary environ- 
ment in the Kuittila zone. The Ward prospect is 
hosted by a complex volcanic environment in the 
Pampalo zone (Nurmi et al., 1993, this volume). 

At Kuittila two low-grade Au occurrences were 

Fig. 15. Gold, B, Ag and As in till and Au in surficialbedrock at the praspect scate and Auin two d i m n d  drill cores at Kuittila, the Hami 
b-elt, Ilomantsi (sm Fig. 8 for location). 
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Fig. 16. Gold and As in till and in surficial bedrock at the prospect scale and Au in a drill COE at Elinsuo in the 
Kuittila zone, the Hattu schist belt, Ilomantsi (see Fig. 8 for location). 

intersected by diamond drilling directly beneath the 
geochemical traverse. The maximum Au contents 
were 0.64 ppm over2 m core length (left hole in Fig. 
15) and 2.9 pprn over 3 m core length (right hole in 
Fig. 15). The percussion drill samples at Kuittila 
were callected at 5 m intervals along the sampling 
traverse. The two drill-indicated gold occurrences in 
the tonalite are reflected in the high Au contents in 
the small geochemical samples taken from both till 
and the surficial bedrock. However, the exact posi- 
tion of the lodes and their economic importance are 
impossibk to assess without diamond drilling, be- 
cause the distribution of gold is very heterogeneous, 
in scattered quartz veins. 

The Au occurrence on the left in Fig. 15 is also 
reflected in till by its high Bi and Ag contents exactly 
above the occurrence, but there is no sign of the Au 
mineralization intersected by the other drill hole. 
Thus, although As is a useful pathfinder for Au at the 
regional scale, it appears to have little use in locating 
individuallodeis. At Kuittila, As farms an extensive 
anomaly around the Au occurrence in both till and 
bedrock The level of the B content in till above the 
Au occumnces does not deviate from the back- 
ground content despite the erratic association of 
tourmaline with Au. 

At Elinsuo, Au commonly exceeds 100 ppb over 
100 m of core length. Sporadic sections assay up to 
3.1 pprn over 2 m intervals in intensely sericitized 
and chloritized graywackes and porphyry dikes. Till 
and surficial bedrock sampks were collected at 20 m 
intervals along a traverse in the direction of ice 

movement (Fig. 16). The highest Au values in the till 
and in the weathered bedrock show the existence of 
the drill-indicated Au mineralization in the bedrock. 
In this case, As is totally unrelated to Au and the 
lowest values actually coincide with the Au occur- 
rence. 

The Ward prospect is hosted by felsic to interme- 
diate intmsives and partly by the surrounding mafic 
and ultramafic volcanics. Two Au occurrences were 
intersected by adrill hole in Fig. 16, showing 1.9 pprn 
Au over 1 1 m core length and 1.6 ppm Au rrver 3 m 
core length. The samples from tiU and weathered 
bedrock were collected at 10 m intervals. The Au 
occurrence at a deeper level does not extenci to tht: 
surface of the bedrock, but the upper Au horizon is 
clearly reflected in both till and weathered bedrock. 
The high contents of Te both in the till and weathered 
bedrock and also in the drill core are easily explained 
by the existence of small telluride grains intergawn 
with native gold in the occurrence (Kojonen et al., 
1993, this volume). Results from the till md the 
surface of the bedrock correlate amazingly w d .  

These three examples show conclusively that both 
the lowermost part of the basal till and weathexed 
bedrock can be used successfully in locating 
outcropping Au occurrences. The appropriate use of 
till geochemistry in determining drilling t a p t s  de- 
mands that sarnples should be collected immediately 
above the surface of the bedrock. The patbfinders are 
not as important at the prospect scde as they are at 
other scales, because large numbers of samples are 
collected from small areas, and the main emphasis is 



1 ~ 0 0 ,  Te ppb 

Geological Survey of Finland, Special Paper 17 
TiII geochemistry in gold exploration ... 

v* 
rock 

mensiuehj 
d t d  
htennediete 
vdcanic 
rock 

t* C M 0  
schht 

Fig. 17. Gold and Te in till and in surficial bedrock at the prospect scale, and Au and Tein a dllU com iathe Ward deposit in the Pampalo Z O P ~  

the Hattu schist belt, iiomantsi ( s e  Fig. 11 for location). 

on reliable Au analyses. However, Te, for example, of Au occurrences c m  be more reliably followed 
is evidently more homogeneously distributed in till using both elements. Furthermore, the use of several 
and bedrock than Au, and since these elements ap- Au-associated elements may help us to classify the 
pear to be very closely correlated, the continuations anomalies in some well-known areas. 

DISCUSSION AND CONCLUSIONS 

It is a widely held belief that the presence of till 
cover is a hindrance to mineral exploration or makes 
it expensive and slow. However, till is made up of 
mixed material, and reflects the underlying bedrock. 
Taking samples from different depths thus offers a 
unique medium for geochemical exploration at dif- 
ferent scales. Till geochemistry is particularly useful 
in Au exploration. Gold has a low background con- 
tent in different rock types (around 1 ppb) (Crocket, 
199 l), and so mineralization provides readily detect- 
able signatures in till as long as representative sam- 
ples are taken and sensitive analytical procedures are 
nsed. Moreover, even though the mineralization and 
Au distribution are heterogeneous in the bedrock, the 
anomaly patterns formed in till will be more regular 
owing to mixing. 

In the Hattu schist belt area in particular, till is the 
most favorable medium for geochemical explora- 

tion, because it is ubiquitous, its stratigraphy is 
simple, there are no large glaciofluvial deposits, and 
the thickness of the till blanket (5.6 m on average) 
(Nenonen and Huhta, 1993, this volume) permits the 
use of light-weight, cost-effective percussion drills. 
What is more, the material at the bottom-most part of 
the till bed has been transported only a short distance 
by the glacier, and the geochemical anomalies in the 
fine fraction give information almost directly from 
the underlying bedrock at a scale of tens of meters 
(see also, Hartikainen and Damstén, 1991). As in- 
ferred from stone counts, the probable transport 
distance of rnaterial in the bottom horizon of till is 
50-300 m (Salminen and Hartikainen 1985). The 
transport distance of anomalies in the fine fraction 
appears to be even shorter, because a small arnount of 
the fine fraction is formed at the site of mineralization 
and it is rapidly diluted away from the source. 
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The most useful sampling densities at different 
scales depend on many factors. At the regional scale 
the main aim is to delineate extensive Au provinces 
or assess in general the Au potential of, say, a 
greenstone belt. A suitable sampling density for this 
purpose is 1 representative samplel4- 16 km2 collect- 
ed from the homogenous surficial (c2 m) part of the 
till cover. Materia1 from the surface part of a till bed 
has been transported a few kilometers and may con- 
tain erratic Au grains, resulting in separate peak 
values. These are insignificant, however, because the 
purpose of regional scale sampling is to screen out 
areas for follow-up exploration, not to detect individ- 
ual Au zones or occurrences. Mesothermal Au min- 
eralization has formed in crustal-scale hydrothermal 
systems, producing hydrothermally altered mineral- 
ized zones a few kilometers to tens of kilometers 
long, e.g. those in the Abitibi belt or the Norseman - 
Wiluna belt (Colvine et al., 1988; Groves and Barley, 
1988). Such zones can be detected even with low 
sample densities, and in eastem Finland 1 composite 
samplellb km2 seems to be dense enough to identify 
extensively mineralized areas such as the Hattu schist 
belt. 

The local scale sampling was performed on a 250 
m x 250 m grid (16 samples/km2) by collecting 
samples from the bottom of the till cover. This grid is 
dense enough to delineate individual, extensively 
mineralized zones some kilometers long and tens to 
hundreds of meters wide, e.g. the Kuittila and Pampalo 
zones. It was a cost-effective way of exploration, 
since about 6000 samples were needed to delineate 
the most potential targets from a >40 km long anom- 
alons zone for the follow-up survey. This type of 
local-scale sampling has seldom been performed by 
exploration companies, partly because claims owned 
by other companies restrict the study area and partly 
because geologists are simply too anxious to find a 
deposit and to work at the prospect scale as soon as 
possible. 

In the Hattu schist belt it was simple to identify and 
delineate the kilometers-long anomaly areas with till 
geochemistry, but the discovery of individual depos- 
its calkd for extensive geochemical sampling at a 
detailed scale and integration of the results with 
geological and geophysical data before diamond 
drilling. At this scale two samples were taken from 
each sampling site at 10 m intervals along traverses. 
The bedrock sample was small and weathered, but 
the rock type was recognizable in most cases. From 
several thousands of rock samples collected at this 
scale, it was estimated that about 85-90% of "the 
bedrock samples" came from the bedrock and the 
remainder from boulders in till. As the value of these 
small rock samples is questionable, a till sample was 
taken from immediately above the bedrock. Collect- 

ing two sample types does not raise the sampling 
costs as long as the till cover is fairly thin. The 
correlation between the Au contents of bedrock and 
till samples from the same sites is poor (Nurmi et al., 
1989, Fig. 6), and so two samples provide more 
reliable information. 

The econornical potential of the anomalies is very 
difficult to assess and experience has shown that it 
has very little to do with the actual Au content of 
individual geochemical samples. The regularity of 
anomaly patterns and their correlation with other 
indications (geological and geophysical) appear to 
be much more important issues in the selection of 
drilling targets. 

A practical example demonstrating the informa- 
tional value of the different study scales around a true 
occurrence is shown in Fig. 17. The Muurinsuo 
prospect, which contains drill-indicated mineralized 
rock over some hundreds of rneters at the northem 
end of the Kuittila anomaly zone, did not produce a 
single indication of Au in the regional-scale sam- 
pling (Fig. 18 A). The maps in Figs. 18 B and C are 
both based on the same local-phase ( 16 samples/km2) 
sampling, but at the beginning of the study four 
samples were combined for analysis. This map, how- 
ever, includes anomalous values located several hun- 
dreds of meters away from the known occurrence 
(Fig. 18 B). A linear anomaly pattem starts to devel- 
op around the prospect when all the samples collect- 
ed are analyzed separately, although most of the 
higher values are located in the southm part of the 
area (Fig. 18 C). Prospect-scale sampling was need- 
ed before distinct indications were obtained of the 
Muurinsuo prospect. The anomalies in the southeast 
are still being drilled (Fig. 18 D). 

The cumulative frequency curves in Fig. 19 dem- 
onstrate the range of Au contents at different explo- 
ration scales and thus the analytical sensitivity re- 
quired. The Au values of the samples collected at 
regional scale are much lower than those of the local- 
scale samples, and these in turn have lower Au values 
than the samples collected at prospect scale. This is 
due to the fact that most of the regional-scale samples 
derive from outside the mineralized areas and from 
the surface part of the till blanket, whereas the 
prospect-scale samples represent tilllbedrock inter- 
face materia1 and mostly come from directly around 
individual mineralizations. Anomaly thresholds are: 
about 4 ppb for the regional, 10 ppb for the local and 
40 ppb for the prospect scale. 

Although Au forms distinct but scattered anoma- 
lies in the Hattu schist belt, As and B give even 
stronger and more extensive indications of regional 
hydrothermal processes. The use of suitable path- 
finders may help in identifying or delineating poten- 
tial areas. Regional pathfinders need not correlate 
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Fig. 18. Gold in till at the different exploration scales around the Muurinsuo Au occurrence, the Hattu schist belt, Ilomantsi (see 
text for details and Fig. 11 for location). 

closely with Au but they should indicate the exist- 
ence of hydrothermally altered and mineralized rocks. 
Because of the poor representativity of samples (small 
samples and nugget-effect), Au alone is not enough 
to delineate Au zones; the task is easier when path- 
finder elements, which have a close spatial correla- 
tion with Au, are also used. 

In the Hattu schist belt, Te, Bi and, less distinctly, 
Cu form a close association with Au in till 

geochemistry and appear to be the best pathfinders 
for Au deposits. This is in accordance with 
lithogeochemical results, which show a very close 
correlation between Au, Te, Bi and Ag in the miner- 
alized sarnples from the Hattu schist belt (Bornhorst 
and Rasilainen, 1993, this volume; Rasilainen et al., 
1993, this volume) and in mesothermal deposits in 
general (Nurmi et al., 1991). Mineralogical studies 
further support simultaneous enrichment of the ele- 
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minerals with other elements, whereas Au in the 
Hattu schist belt occurs almost totally in native form. 
The use of pathfinders may not be as important at the 
prospect scale as at the preceeding stages because the 
sampling density is high enough to ensure that a 
statistically sufficient number of anomalous samples 
are obtained from major occurrences. However, ad- 
ditional information given by pathfinders closely 
correlated with Au can be important in determining 
the drilling targets and tracing the continuations of 
Au mineralizations. The best element combinations 

0 1 
1 , , , , , , , , 1 may vary from area to area, but in general Te, Bi, As, 
o 10 20 30 60 50 60 70 80 90 99 Ag, W, Se, Sb, B and Mo appear to be diagnostic for 

= %  mesothermal Au mineralization (Nurmi et al., 199 1). 
~ i g .  19. Cumulative frequency curves of AU contents in tili at regionai The present study demons trates that till 
scale (n=641), local scale (n=5094), and in till and bedrock at prospect geochemistry is a powerful tool for Au exploration. 
scale ( ~ 8 7 5 2 )  in the Hattu schist belt, Ilomantsi. Systematic work from regional through local to pros- 

pect scale demands alot of patience since discoveries 
are not evident in the early stages. However, large- 

ments in the area, because native gold is Ag-bearing scale hydrothermal systems can easily be discovered 
and commonly intergrown with a variety of tellurides and reliably delineated, although not all deposits can 
and native bismuth (Kojonen et al., 1993, this vol- be found with the method described. Quaternary 
ume). geology is not always as simple as it is in Ilomantsi 

The pathfinder elements are generally more even- and even the pathfinders may be different elsewhere, 
ly distributed in Au mineralizations than Au itself. but after careful studies of bedrock geology and 
This is because their concentration is often much Quaternary deposits, systematic geochemical workcan 
higher than that of Au, and they form fine-grained be applied in most areas, at least in glaciated terrain. 
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Rock geochemical implications for gold exploration in the late Archean Hattu 
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The mobile elements Ag, As, Au, B, Bi, COl, Hg, Mo, S, Se, Te and W in 
rocks of the late Archean Hattu schist belt have been studied to determine their 
applicability to gold exploration at a regional and detailed scale. Regional 
scale rock geochemical data from mostly outside mineralized areas have high 
median contents, large variation and abundant anomalously high values for As, 
Au and Bi within sedimentary rocks, and for W and Mo within igneous rocks. 
Tellurium, As, Au and Bi show slightly less anomalous behaviour within 
igneous rocks, and Se within both igneous and sedimentary rocks. Despite the 
visually unaltered nature of the samples the geochemical data set indicates the 
potential for Au mineralization within the Hattu schist belt. Principal compo- 
nent analysis for the visually unaltered rock geochemical data indicates that 
Ag, Bi, S, Se and Te are associated with Au; this is consistent with other 
independent observations. A regional rock geochemical study is capable of 
identifying Au anomalies and potential pathfinders for Au. 

Exploration diamond drill cores intersect or are entirely within zones of 
hydrothermal alteration up to several hundred meters wide. Hydrothermal 
enrichment, many times over primary background levels, of Au, Te, and one 
or more of Ag, As, B, Bi and S is common. In individual drill cores, Te, Ag and 
Bi usually follow Au closely, having trends and anomalies similar in shape to 
those of Au, in accordance with the common occurrence of native gold 
intergrown with tellurides and Bi minerals. Within Au-bearing alteration 
zones, CO-existence of Au, Te, Bi, and Ag anomalies can help to map 
continuation of ore zones from one drill hole to another. Arsenic, B, W and S 
follow Au in some drill cores, but often have anomalies unrelated to Au. 
Anomaly peaks of individual elements associated with Au values more than 1 
ppm are usually less than 30 m wide, but in a few drill cores there is an 
increasing trend from tens of meters to even 100 m towards the highest Au 
values in the contents of one or more of Au, Te, Bi, Ag and As. The anomalies 
of different elements are sometimes shifted compared to one another, but there 
is no uniform zoning of anomaly patterns. Careful visual inspection of 
multiple drill core geochemical profiles can be used to accurately determine 
Au-related elements but should be confirmed by statistical geochemical and 
mineralogical studies. 

Key words (GeoRefThesaurus, AGI): greenstone belts, hydrothermal process- 
es, gold ores, geochemistry, gold, tellurium, bismuth, mineral exploration, 
Archean, Hattu, Ilomantsi, eastern Finland. 
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INTRODUCTION 

The late ArcheanHattu schist belt in eastern Fin- types, sedimentary, extrusive and intnisive igneous, 
land consists of narrow bifurcating zones of ranging in compositionfrom felsic to ultramafic, but 
supracrustal and intrusive rocks more than 50 km in is dominated by epiclastic and felsic volcanic depos- 
length arid usually less than 5 km in width (Fig. 1). its (Sorjonen-Ward, 1993, this volume). Mafic rocks 
The schist belt is composed of a wide variety of rock are only minor components of the belt, Early tonalitic 

Bine tonaiiie 

Migmatii and 
mtsaci~rnents 

High straln m m  

, Diamond drill 
core m p l e  . Shallow diamond drill 
core or outcmp sample 

Fig. 1. Oeol~gical outliiie of the Hattu schist belt. Location of samples 
used in this study is shown as coloured symbols. Diamond drill core 
(red) are locations for multiple samples, shallow dnll core and outcrop 
(black) are locations for single samples. Area of &gure 2 is delineated. 

R.... 
/ 

Fig. 2. Close-up of the delineated area in Figure 1. For explanation of 
sy mbols. see Figure 1. 



intrusions at about 2.75 Ga are common. Gold depos- 
its are controlled by zones of intense deformation 
(Sorjonen-Ward, 1993, this volume). Gold occurs 
mainly as disserninations in hydrothermally altered 
quartz-sericite schists but also in minor quartz-tour- 
maline vein systems (Nurmi et al., 1993, this volume; 
Kojonen et al., 1993, this volume). 

Exploration for gold has been conducted in the 
Hattu schist belt since 1985 and several promising 
prospects have been delineated. Exploration has re- 
lied heavily on till geochemistry from regional to 
prospect scale (Nurmi et al., 1989; Nurmi et al., 1993, 
this volume). Regional scale tili anomalies of Au, As 
and B overlap the whole Hattu schist belt. Till 

Geological Survey of Finland, Special Paper 17 
Rock geochemical implications for gold exploration ... 

anomalies at a more detailed scale, including Au, Te, 
As, B, Bi, Ag, Mo, W, S, Na and loss on ignition, 
have successfully been used in delineating gold po- 
tential zones, and in selecting specific drilling targets 
(Nurmi et al., 1989; Hartikainen and Nurmi, 1993. 
this volume). 

An extensive rock geochemical study has been 
undertaken to better understand the nature of the 
hydrothermal alteration connected to gold minerali- 
zation (Bornhorst and Rasilainen, 1993, this vol- 
ume). Here, we discuss the exploration aspects of 
rock geochemistry in theHattu schist belt at regional 
and detailed scales. 

SAMPLES AND ANALYTICAL METHODS 

A multielement rock geochemical study in the 
Hattu schist belt was undertaken by the Ilomantsi 
Gold Project from 1986- 1990. Altogether 1408 Sam- 
ples were taken from outcrops, shallow diamond 
drill cores and exploration drill cores. Quantitative 
abundances for up to 55 elements were determined 
by a number of analytical techniques. The sampling 
procedure, sample material and analytical techniques 
used are described in detail by Bornhorst et al. (1993, 
this volume). 

The outcrop and shallow diamond drill core Sam- 
ples represent various rock types of the schist belt 
and were taken mainly outside mineralized areas. 
Each outcrop sample consists of three subsamples 
taken by portable diamond drilling equipment from 
a small area and representing the same rock type. 

Shallow diamond drill cores are mostly 2 to 10 m 
long and 1 m of homogeneous rock was selected for 
multielement analysis. Some outcrop samples were 
taken from the vicinity of prospects at Kuittila (14 
samples) and Muurinsuo (51 samples). For all out- 
crops and shallow drill cores, only visually fresh 
samples without signs of alteration, rnineralization, 
foreign inclusions or veins were analyzed. The dia- 
mond drill core material comes mostly from miner- 
alized zones with elevated Au contents, delineated 
mainly by till geochemistry. The drill cores were 
halved in 0.5 to 1 m intervals taking into considera- 
tion lithologic contacts, veins and major petrograph- 
ic changes. Samples for multielement analysis most- 
ly represent 1 to 5 m of drill core, combined from the 
subsamples after crushing and milling. 

ELEMENTS OF INTEREST 

Element mobility in the hydrothermally altered 
rocks of the Hattu schist belt has been studied by 
Bornhorst and Rasilainen (1993, this volume). Al- 
though some elements show strong enrichment, most 
have remained relatively immobile during hydro- 
thermal alteration and associated gold mineraliza- 
tion (Fig. 3). Elements showing strongest enrich- 
ment or depletion are expected to be the most inter- 
esting ones with respect to exploration and therefore, 
the mobile elements Se, Au, Te, B, Ag, S, CO,, As, 

Bi, Mo, Hg and W were selected for iurther study. 
These elements show greatest median enrichment 
and greatest variation in composition (Fig. 3). Yt- 
trium and Nb show some enrichment or variation in 
composition in Figure 3 but were rejected from 
further study because of poor quality of data. Some 
of the immobile elements (e.g., Ni, Cr, Ti) can be 
used as estimators of primary bedrock composition 
in altered zones. 
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Fig. 3. Element enrichment and depletion relative to background concentration for all samples from prospect areas (1202). The red horizontal 
Iines show median enrichment and the upper and lower ends of the bars show 75th and 25th percentiles of enrichment, respectivdy. Data from 
Bornhorst and Rasilainen (1993, this volume). 

REGIONAL SCALE 

Although the gold potential of the Hattu schist belt 
is already well documented (e.g., Hartikainen and 
Nurmi, 1993, this volume; Nurmi et al., 1993, this 
volume), it is useful to determine whether it could 
have been discovered by aregional rock geochemical 
study. A simulated regional rock geochemical data 
set was extracted from existing geochemical data as 
though no knowledge existed about the location of 
the mineralized zones. All near-surface samples (167 
from outcrops and 109 from shallow drill cores) were 
included in the simulated data set, which covers a N- 
S trending area about 36 km long and 4 km wide 
along the schist belt (Fig. 1). Although exposure is 
limited over large areas, preventing systematic geo- 
graphic spread of the sampling sites, the data set 
likely represents the schist belt as a whole, with a 
slight bias toward mineralized zones for sedimentary 
samples, Sedimentary and igneous rocks were sepa- 
rated due to significant differences in average back- 
ground values for some elements. Concentrations of 
elements can vary considerably for sirnilar rocks 
from different environments and even those within a 
sirnilar environment (Govett, 1983), so that back- 
ground values used here are rough approximations 
(Table 1). The background values are comparable to 
those estimated by Bornhorst et. al., 1993, this vol- 
ume) . 

For simulated sedimentary rocks, As and Au me- 
dian values are twice as high as background, and Bi 
20 times (Table 1). These elements also have notable 

variation and abundant anomalously high values 
compared to background (Table 1, Fig. 4). For 
simulated igneous rocks, Au and As have median 
values equal to background, slightly smaller var- 
iation and less, but still many, anomalous values 
as compared to background. For igneous samples 
the median value of Bi is below analytical detee- 
tion limit (0.1 ppm). However, it has many anom- 
alous values above background and variation as 
large as for sedimentary rocks. 

Median values of Mo and W for igneous rocks 
are 1.4 and 1.3 times above background, and both 
have large variation with many anomalously high 
values (Table 1, Fig. 4). In contrast for sedimenta- 
ry rocks, the median value of W is below analyt- 
ical detection limit (1 ppm) and except for two 
samples it has very limited variation. The median 
value of Mo for sedimentary rocks is twice as high 
as the background, but again the variation is lim- 
ited. The median value of Ag is 1.6 times greater 
than background for sedimentary rocks and 1.2 
times greater for igneous rocks, but in both cases 
the number of samples with anomalously high 
contents is insignificant. The median value of S is 
approximately same as the background for botb 
igneous and sedimentary rocks, but it has many 
anomalously high values for igneous rocks. 

The median value of Te is only 1.3 times higher 
than background for both igneous and sedimenta- 
ry rocks. For igneous rocks, Te has cansiderable 
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Table 1. Basic statistics for the outcrop and shallow drill core samples. Background values ate based on Nurmi et al., 1991, m q t  for CO,, 
far which t h  bac-und value is based on dtrficiency of carbonate minerals in unaltered rocks. Jtd: standard deviation from arithmetic maa; 
N anam.: number of samples with value geater than 10 times background. 

- -- 
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Fig. 4. Variation in concentration of selected elements for the outcrop and shallow drill core samples. Green: igneous rocks, blue: sedimentary 
rocks. Background values for the elements are shown as red horizontal bars. 

variation and many anomalously high values. For 
sedimentary rocks, the variation is even larger but the 
number of anomalous high values is insignificant. 
For Se, the analytical method is unsuitable, as most 
of the samples are below detection limit, but a con- 
siderable number of highly anomalous values occur 
as compared to average background for both igneous 
and sedimentary rocks. 

The median value of B is lower than background 

for both igneous (0.7 times) and sedimentary rocks 
(0.3 times). The variation of B is moderate for both 
igneous and sedimentary rocks, but only a few anom- 
alously high values occur for igneous rocks. 

For Hg, most of the samples have values below 
analytical detection limit (5 ppb) and the background 
is at least an order of magnitude greater than the 
median value for both igneous and sedimentary rocks. 
The igneous rocks have more than an order of mag- 
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nitude more CO, than sedimentary rocks, which are 
very low in CO,, but because of large variation within 
background rocks, it is difficult to ascertain whether 
the high values of CO, are anomalous. 

High median value; large variation and abundant 
anomalously high individual values of As, Au and Bi 
for sedimentary rocks in the simulated rock 
geochemical data set and of W and Mo for igneous 
rocks, and the slightly less anomalous behavior of 
Te, As, Au and Bi for igneous rocks and of Se for both 
igneous and sedimentary rocks, suggest gold-related 
hydrothermal alteration and mineralization can be 
identified by regional rock geochemistry. 

For successful Au exploration, it is important to 
separate those elements that indicate hydrothermal 
activity in general from those that have aclose spatial 
link with actual Au deposition. Principal component 
analysis was used to extract associations of elements 
in the simulated data set. Because of highly skewed 
distributions for most of the elements and a large 
number of values below detection limit for some, 
rank correlation was used for the analysis. Principal 
component analysis was performed both with and 
without Ag as it was determined from only a small 
subset of samples. A few tens of principal component 
analyses models were performed with different sets 
of elements. Results of a representative principal 
component analysis are given in Table 2. Although 
some associations of elements change from one mod- 
el to another, several are persistent regardless of the 
number of elements in the model. Two of the most 
persistent associations are Mo-W-CO, and Au-Te- 
Bi-Ag-S-Se. The set A U - T ~ - B ~ - A ~ - S - S ~  is a combi- 
nation of several principal component models be- 

Table 2. Representative Varimax rotated loadings of a principal com- 
ponent analysis. Most significant loadings (>0.5) are bolded. 

Element Factor l Factor 2 Factor 3 

0.210 
0.029 

-0.249 
-0.316 
0.273 
0.014 
0.082 

-0.485 
0.863 
0.070 
0.103 

Factor 4 

Percent of total variation explained 

cause Ag and Se have not been analyzed from the 
same samples. Arsenic and B usually either form 
their own associations or occur together. Mercury 
commonly forms its own association. Tellurium is 
disconnected from the Au association and forced into 
an As-B-S-Te association in some analyses where 
Ag is included. This may result from shared affinity 
for S between Te, As and B. However, As and B do 
not show clear affinity for Au, and excluding As from 
analysis restores Te back into the association Au-Te- 
Bi-Ag-S. The separation of Au-Te-Bi-Ag-S-Se and 
Mo-W-CO, associations is further supported by the 
fact that Mo and W show anomalous behavior only 
for igneous rocks whereas Au and Bi show strongest 
anomalous behavior for sedimentary rocks. 

Diamond drill core samples from 22 drill holes 
were studied (Figs. 1 and 2) in order to determine how 
the mobile elements follow Au at detailed scale. 
Graphs of Ag, As, B, Bi, CO,, Mo, S, Te and W 
abundance versus sampling depth were visually com- 
pared to those for Au within each of the drill holes. 
Mercury and Se have not been analyzed from the drill 
core samples. The diamond drill holes were drilled in 
Au exploration and their location is mostly based on 
till geochemical anomalies. Hence, most of the drill 
holes intersect, or are situated in, zones of 
hydrothermal alteration having elevated contents for 
Au ( 10 ppb) and Te ( 100 ppb). In these zones, Ag and 
B are very often enriched, and sometimes Bi, As and 
S, compared to unaltered background contents. Ac- 
cording to till geochemical data (Hartikainen and 
Nurmi, 1993, this volume), the width of the anoma- 

DETAILED SCALE 

lous zones is from several tens to hundreds of meters 
and may even attain 1 km at Korvilansuo. Within the 
anomalous zones, the local 'background' from which 
the anomalies arise varies from one drill core to 
another and may be much higher than the primary 
background for unaltered rock. As anomaly peaks of 
various elements can be shifted by one or two sam- 
ples as compared to each other and many of the 
broader anomaly peaks have one or two 'background' 
level samples inside of them, it is difficult to me- 
chanically fix an anomaly threshold and in turn to 
compare the number and location of anomalous 
samples for any of the studied elements. Thus, visual 
inspection was used to compare the patterns of ele- 
ment contents within drill cores. Although subjec- 
tive, this method enables broadpatterns and trends to 
be recognized that would be overlooked by using a 
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Table 3. Number of anornaiies far @a;ch dement in drill cores (X), 
number of element anomalies ovarlapping a Au anomaly (X+Au), 
number of Au anomalia not werlapping an other element anomaly 
(Au-X), and number of Au anomaiies (Au). Number of Au anomalies 
for Ag, Mo and W is lower because these elements were not analyzed 
from all drill cores. 

Numkr of anomalies in 
Element diamond drill cores 

fixed anomaly threshold for all of the data. The 
results of the visual inspection are summarized in 
Table 3. 

Tellurium, Ag and Bi usually follow Au, having 
trends and anomalies similar in shape to those of Au 
(Table 3, Figs. 5-8) with overall contents above 
primary background levels. Arsenic, B and W follow 
Au in some drill cores, but can also have additional 
anomalies not connected with Au, and in some cases 
they have totally different anomaly patterns than Au. 
Boron anomalies are often broader than those of 
other elements, but the lack of close correlation with 
Au (Bornhorst and Rasilainen, 1993) suggests that B 
cannot be used alone to broaden the Au-potential 
halo. Sulphur, Mo and CO, follow Au poorly, having 
smallest proportions of anomalies overlapping a Au 
anomaly and smallest proportions of Au anomalies 
overlapping a S, Mo or CO, anomaly (Table 3). The 
anomaly peaks of Au more that 1 ppm and associated 
elements are usually no more than 20-30 m in width. 
In a few drill holes, contents of some elements (e.g. 
Au, Te, Bi, Ag and As) increase over a distance of 
tens of meters to even 100 m toward highest Au 
values (Fig. 7). 

Although the anomalies of highly anomalous ele- 

80 100 120 
Depth (m) 

Fig. 5. Contents of selected elements in diamond drill core 355 from 
Korvilansuo. 

50 75 
Depth (m) 

Fig. 6. Contents of selected elements in diamond drill cow 354 from 
Elinsuo. 
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Fig. 7. Contents of selected elements in diamond drill core 325 from 
Korvilansuo. 
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Fig. 8. Contents of selected elements in diamond drill core 349 from 
Kivisuosuo. 

ments are sometimes shifted compared to one anoth- seem to influence the contents of the elements, prob- 
er (Figs. 5-81, systematic zonation of anomaly Pat- ably because the contents are already many times the 
terns does not exist within the drill cores or across the background level. 
anomalous zones. In addition, the host rock does not 

DISCUSSION 

Till geochemistry has revealed regional scale till 
geochemical anomalies of Au, As and B together 
with more restricted Mo and W anomalies, overlying 
the Hattu schist belt (Nurmi et al., 1989; Hartikainen 
and Nurmi, 1993, this volume). The results of this 
study illustrate that even using relatively unaltered 
bedrock samples it is possible to find anomalous 
contents of Au, As, Bi, Mo, W, Te and Se. This 
suggests widespread areas of hydrothermal mineral- 
ization and is a favourable indicator of Au potential 
of the Hattu schist belt. Crustal scale hydrothermal 

systems seem to be a prerequisite for formation of 
economic mesothermal Au deposits (Colvine et al., 
1988; Colvine, 1989; Groves and Foster, 1991; 
Kerrich, 1989). 

By using the outcrop and shallow drill core data set 
to simulate a regional rock geochemical sampling 
program, Mo-W-CO, and Au-Te-Bi-Ag-S-Se 
geochemical associations were found. These are quite 
comparable to the geochemical associations, Mo-W- 
CO, and Au-Te-Bi(-Ag), reported by Bornhorst and 
Rasilainen (1993, this volume) for alteredrocks from 
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prospect areas within the Hattu schist belt. This 
suggests that even if highly altered rock are not used 
it is possible to determine which elements are asso- 
ciated with gold. It also confirms the local and 
detailed till geochemical results showing good corre- 
lation between Au, Te, and Bi (Hartikainen and 
Nurmi, 1993, this volume). 

Whereas the analysis of the simulated regional 
geochemical data set does not prove the economic 
potential of the Hattu schist belt it does suggest 
hydrothermal activity and mineralization, and pro- 
vides a confirmation of the till geochemical data and 
a mechanism to decide which elements are actually 
related to deposition of gold. These results indicate 
that regional rock geochemistry can correctly indi- 
cate gold potential of extensive hydrothermal prov- 
inces and be used to find the suitable pathfinder 
elemeas in an early phase of an exploration pro- 
gram. 

Close spatial connection of Au, Ag, Te and Bi is 
also supported by the similar behaviour of these 
elements Ui the drili cores uidicating that Te, Bi, Ag, 
Se, S, and, of course, Au itself, are the best pathfinder 
elements far Au in the Hattu schist belt. The spatial 
analysis of raw elemental abundances presented here 
are consistent with the mass transfer results present- 
ed by Bornhorst and Rasilainen (1993, this volume). 
Simple visual inspection can provide an accurate 
indication of other elements closely linked with the 
deposition of gold. 

Chemical zonation of elements associated with 
many types of mineral deposits (e.g., massive sul- 
phide deposits in both volcanic and sedimentary 
surroundings, porphyry deposits) has been used to 
guide exploration (e.g., Govett, 1983). Mineraliza- 
tion within the Hattu schist belt is controlled by 
shearing (Nurmi et al., 1993, this volume; Sorjonen- 
Ward, 1993b, this volume). Anomalies of mobile 
elements in drill cores are sometimes shifted com- 
pared to one another, but no consistent chemical 

C 

zonation was found. During the lifetime of the 
hydrothermal system the channelways of the fluids 
likely changed due to opening and closing of fracture 
zones;leading to the observed random separation of 
anomalies g f  different elements as components of a 
temporally $volving hydrothermal system. Perhaps 
another reasbn for the lack of systematic chemical 
zonation comiparable to that common for deposits in 
shallow crustal environment is a gradual thermal 
gradient deep(?) within the crust. Mineral barometry 
data suggest deposition depth of abont 11 km for the 
gold deposits in the Hattu schist belt (Kojonen et al., 
1993, this volume), and recent genetic models for 
mesothermal Au deposits suggests depths of origin 
from less than 8 km to more than 15 km within the 
crust (Colvine, 1989; Groves, 199 1). 

The close association between Au, Te, Bi and Ag 
within the diamond drill cores indicates a close 
temporal association between deposition of these 
elements, i.e., they were deposited at the same stage 
of the evolution of the hydrothermal system. This is 
further supported by the close association and 
intergrowths of Au with tellurides and Bi minerals 
(Kojonen et al., 1993, this volume). Within a Au- 
bearing alteration zone, the existence of snperim- 
posed anomalies of Te, Bi and Ag very probably 
indicates a channelway of Au-bearing hydrothermal 
fluids. In the Hattu schist belt as elsewhere in  the 
world, Au is usually in native form and is erratically 
distributed even within Au ores, resulting in difficul- 
ty obtaining a representative sample. On the other 
hand, Te, and possibly Bi and Ag combine with other 
minerals in the form of fine-grained disseminations 
that are more evenly distributed, hence easier to 
obtain a representative sample for, even in drill core. 
Thus, combined anomalies of Au, Te, Bi, and Ag in 
the Hattu schist belt have the potential to achieve 
more reliable mapping of continuation of Au ore 
zones from one drill hole to another. 

CONCLUSIONS 

Geochemistry of Ag, As, Au, B, Bi, CO,, Hg, Mo, 
S, Se, Te and W in rocks of the late Archean Hattu 
schist belt has been studied to determine their appli- 
cability to gold exploration at regional and detailed 
scale. Even using relatively unaltered samples it is 
possible to find anomalous contents of Au, As, Bi, 
Mo, W, Te and Se, indicative of hydrothermal min- 
eralization. Principal component analysis of 
geochemical data using relatively unaltered samples 
and spatial distribution of mobile elements in drill 

core profiles show that Ag, Bi, S, Se and Te are 
associated with Au, thus are the best pathfinders for 
Au. These results indicate that regional rock 
geochemistry can be used to indicate the gold poten- 
tial of extensive hydrothermal provinces and to find 
the suitable pathfinder elements in an early phase of 
an exploration program. 

Hydrothermal enrichment many times over pri- 
mary background for Au, Te, and one or more of Ag, 
As, B, Bi and S is common within diamond drill 
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cores. Anomaly peaks of individual elements associ- terns. The co-existence of Au, Te, Bi, and Ag anom- 
ated with high Au values are usually less than 30 m alies can help to map continuation of ore zones from 
in width without systematic zoning of anomaly pat- one drill hole to another. 
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More than 300 exploration trenches and pits have been excavated in till 
overlying the late Archean Hattu schist belt during the course of gold explo- 
ration. From these a total of 500 12 liter till samples have been collected in 
order to analyze heavy mineral populations. Samples were initially treated in 
the field using a Goldhound spiral concentrator, with which the heaviest 
fraction, including gold grains and 5- 10 g of heavy minerals, were retained for 
analysis. In addition, a further 200 g sample was taken from the till for trace 
element analysis. 

On the basis of the size of individual grains of gold, an estimate was made 
for the gold content of each 12 liter sample, which in turn corresponds to a bulk 
sample mass of 20 kg. 

Estimates assume a spherical shape for gold grains. These estimates are 
summed with the gold amounts from chemical analyses of the finest till 
fractions and a factor representing one thousandth part of the gold content of 
the heavy fraction. The resulting composite value thus represents the mean 
overall gold content for the whole sample. 

For the purposes of classification and evaluation, the Hattu schist belt can 
be subdivided into four subareas that were examined in detail, and a general 
background domain consisting of intervening less anomalous (and less inten- 
sively studied) areas. Overall gold contents in this background domain are, 
with a single exception, less than 80 ppb, whereas the four subareas contain 
maximum contents in the range 200-1300 ppb. 

The distribution and mechanical transport of gold was examined in the 
vicinity of the Ward deposit, where the maximum number of grains of gold 
determined for a 12 1 sample of weathered bedrock immediately below the 
basal till layer exceeded 3000. Grain abundances in till decreased markedly 
however, to about one tenth of these values, over distances of as little as 20 m 
in the direction of glacial transport. 

The mean diameter of gold grains varies very little between the four 
subareas, with the calculated mean for 905 grains from the Hattu schist belt 
being 0.14 f 0.12 mm. On average grains derived from till are somewhat 
coarser than those found in bedrock. 

It has not been possible to identify the provenance of individual grains on the 
basis of diagnostic chemical compositions because great variability in gold 
compositions are also found within any given prospect. However, the overall 
abundance of gold, including the number of grains within a given sample, can 
be used in delineating mineralization or critical areas for subsequent explora- 
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tion and often provide more reliable information concerning gold abundance 
than do bulk chemical analyses of the fine-grained till fraction. Although the 
relatively short transport distances of gold grains limits their use in locating 
new prospects in the Hattu schist belt, anomalous concentrations of gold in till 
are conversely, reliable indicators of the close proximity of mineralized 
bedrock. 

Key words (GeoRef Thesaurus, AGI): mineral exploration, gold ores, heavy 
minerals, gold, till, Hattu, Ilomantsi, eastern Finland. 

Pekka Huhta, Geological Suwey of Finland FIN-02150 Espoo Finland 

INTRODUCTION 

The Hattu schist belt is a late Archean, sediment- 
dominated supracrustal sequence in easternmost Fin- 
land (Sorjonen-Ward, 1993, this volume). Interest in 
the gold potential of the region was aroused when 
follow-up studies investigating the source of As, W 
and Mo anomalies in till revealed elevated Au abun- 
dances in the Kuittila Tonalite, which intrudes the 
Southern part of the schist belt (Salminen and 
Hartikainen, 1986). Subsequently, systematic explo- 
ration has delineated a number of Au prospects 
throughout an anomalous zone extending for over 40 
km along the belt (Hartikainen and Nurmi, 1993, 
Nurmi et al., 1993, this volume). 

The most widespread surficial deposits in the 
region consist of tills which in many places are 
covered by swamps and peatlands. The basal till 
layer is typically sandy, with <2 % of clay material, 
while the overall fine (<0.06 mm) fraction amounts 
to about 30 % of the till on average. Laminations are 
common, as is size sorting of clasts within certain 

layers. Observations from the basal till indicate that 
material was deposited in the direction of ice flow, 
namely 320-330". Imbrication and alignment of clasts 
generally correlate well with directions determined 
from striations in the underlying bedrock. The mean 
thickness of surficial deposits in the region is about 
5 m (Nenonen and Huhta, 1993, this volume). 

Studies of till stratigraphy and heavy mineral 
concentrations and distribution in the Hattu schist 
belt commenced in 1985, with emphasis subsequent- 
ly being placed on the application of heavy mineral 
studies to gold exploration. Excavations have pro- 
vided information concerning till stratigraphy and 
the type and provenance of mineralized erratics, as 
well as heavy mineral and trace element distributions 
and abundances. The Hattu schist belt is the first area 
in Finland studied by GSF where heavy minerals 
have been used specifically with respect to their 
potential as a tool in gold exploration. 

SAMPLING PROCEDURES 

Investigations commence with the digging of an 
exploration pit or trench at or in proximity to some 
kind of indicator of mineralization, most commonly 
gold-bearing erratics or gold anomalies in the fine 
fraction of till. The stratigraphy and composition of 
the surficial deposits are studied and samples are 
taken from each unit. 

A total of 3 17 excavations were made during the 
study, throughout an area covering 1 15 km2. In all 
500 12 liter till samples were collected for heavy 
rnineral analysis. The mean depth of the excavations 
was 2.9 m and in about half of them the underlying 
bedrock was encountered. An additional55 samples 
were taken from more swampy terrain using an 
Auger sampler. 

Samples of till for heavy mineral studies were 
taken in a continuous vertical profile down the face 
of the exploration pits, thus representing the whole of 
the till sequence. Likewise, smaller, 100-200 g sam- 
ples were taken for trace element analysis. Where the 
till was relatively thin, 1-2 m, one sample was taken 
while two were taken from thicker sequences (cf. 
Nenonen and Huhta, 1993, this volume), with addi- 
tional samples being taken from the weathered bed- 
rock immediately beneath the till, where present. 
Samples were collected in a 12 1 plastic bucket and 
their mass varied between 18-22 kg, depending upon 
the abundance of large clasts and water content. 

These bulk samples were wet-sieved in the field 
through 6mm and then 2mm sieves and the material 
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B U I ~  sarnple that passed through the latter was then panned in a 
12 Iitres Sieving motorized spiral concentrator (Fig. 1). The heaviest 

about 20 kg fraction, including gold and platinum grains, was 
'l first removed and then a 5- 10 g sample was taken for 

\ I -1 further analysis. u 
Wet Sieving 

6 - 2 m m  Pebble and mineral counts 

1 Spirai g o ~ d  panner 1 

1 G o ~ d  grains 1 1 5-109 heavy fraction 1 

Single grain analysis 
if needed 

Single grain analysis 
if needed 1 

1 Grinding 1 

Analysis ri Fig. 1. Diagram illustrating collection, preparation and treatment of 
samples for heavy mineral studies. 

INVESTIGATION METHODS 

Fine fraction of till 

Part of the the ~ 0 . 0 6  mm fine fraction of the till Co, Cr, Cu, Mn, Ni, Pb, Zn, Fe, Ag, Au. In the early 
was analyzed for the following elements using AAS stages of the study Mo, W and As were also analyzed 
at the Kuopio laboratories of the Geological Survey: for some samples. 

Heavy mineral concentrates 

The heavy mineral fractions concentrated using 
the motorized Goldhound spiral panner were exam- 
ined under a binocular microscope and observations 
concerning the relative proportions of various miner- 
als were systematically recorded. The samples were 
subsequently ground and analyzed at the Kuopio 
laboratories of the Geological Survey for Co, Cr, Cu, 
Mn, Ni, Pb, Zn, Fe, Ag, Mo, Au, Pd and S. 

Magnetite, garnet (principally almandine) and 

ilmenite were present in almost all samples exam- 
ined microscopically and hematite, scheelite and 
zircon were also common; pyrite, arsenopyrite and 
pyrrhotine occurred only sporadically. Most of the 
gold associated with heavy minerals in the Hattu 
schist belt is contained within sulfides, the most 
important being pyrite, chalcopyrite, arsenopyrite 
and various tellurides (Kojonen et al., 1993, this 
volume). 
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Gold grains 

The size and texture of gold grains was examined 
under the binocular microscope. Textural maturity 
was determined primarily on the basis of roundness 
and sphericity but also by observing the degree of 
abrasion and scratching and surface darkening. Grains 
were accordingly classified into three categories, 
namely (1) angular, with retention of crystal faces, 
(2) slightly rounded, and (3) distinctly rounded and 
abraded (cf. Dilabio 1991). 

The diameters of the grains were measured using 
an ocular micrometer, assuming the grains to be 
effectively spherical and gold grade was calculated 
according to the following procedure: gold grade = 
Dg x Vg/S ppm, where Dg is the gold density, Vg is 
the volume of a given gold grain and S is the mass of 

the sample in kg. The abundance of gold grains in a 
12 1, or approximately 20 kg sample is obtained from 
the relation 0.5 x d", where d is the inferred diameter 
of the gold grain. This departs from the procedure 
used previously (Huhta, 1988) but has been shown to 
yield results more consistent with those obtained 
from pan-weighing of the same samples. An exarnple 
of the degree of mutual correlation is given in Table 
1, showing calculated and weighed values for a 
population of gold grains from Lemmenjoki. Sam- 
ples from the Hattu schist belt usually contained 
relatively small numbers of gold grains, so that it was 
impractical to determine their mass using a conven- 
tional pan balance. 

Table 1. Comparison of gold abundances between weathered bedrock till (WBT) and in 
situ, weathered bedrock (WB) at Lemmenjoki, Finnish Lapland. 

Number of Grain size Calculated values (ppb) Weighted 
gold grains (mm) values 

cubics balls (ppb) 

WBTl 117 0.13-1.26 17500 9200 9100 
WB 1 29 0.08-1.42 17300 9100 8300 
WBT2 31 0.10-0.60 920 490 450 
WB2 25 0 .064 .66  1100 560 400 

RESULTS 

Gold grains 

The mean size of gold grains from the Hattu schist al., 1993, this volume). The mean grain size of gold 
belt shows only a small degree of variability between separated from weathered bedrock at the Ward de- 
the different subareas, with amean value of 0.14W. 12 posit using the Goldhound spiral concentrator was 
mm determined after measuring a total of 905 grains. 0.06 mm, with the largest grain recorded having a 
In contrast, gold grain sizes determined from bed- diameter of 0.20 mm. The size distribution of gold 
rock samples were on average, appreciably smaller grains from the various subareas are presented in 
than those from till, ranging from several to fifteen Figure 2. 
microns (that is < 0.01 5 mm) in diameter (Kojonen et 

Table 2.Gold grains from the Hattu schist belt samples. 

Samples Gold grains Grain size (mm) 

Total Max. in Mean Standard Max. Min. 
one sample deviation 

Kuittila 97 562 32 0.14 0.12 1.14 0.03 
Muurinsuo 40 139 32 0.14 0.08 0.58 0.04 
Koivukallio 25 47 6 0.13 0.08 0.35 0.03 
Hosko 38 27 5 0.17 0.24 1.38 0.04 
Background 56 130 2 1 0.13 0.09 0.68 0.03 
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MUURINSUO 
n=139 

BACKGROUND 
n=130 

mineralized bedrock were also available for study. 
The most weathered bedrock samples contain 1-5 
ppm Au and accordingly, the highest number of gold 
grains counted from a single sample at the deposit, 
and indeed, for the Hattu schist belt as a whole, was 
taken from such weatheredmaterial, directly beneath 
the overlying till. A total of 3200 grains were present 
in a 12 1 sample, corresponding to a calculated Au 
content of about 1.1 ppm. Some gold has been 
removed from the weathered bedrock and transport- 
ed by glacigenic processes, and grain abundances 
decrease abruptly as transport distance increases. For 
example a till sample some 40 m away from the 
above mentioned sample, measured parallel to the 
direction of ice transport, was found to contain only 
44 gold grains, corresponding to an Au concentration 
of 43 ppb. With the exception of a single sample 
which may in fact derive from a separate source (24 
grains, representing 8 ppb Au), all samples beyond 
this distance had grain abundances effectively indis- 
tinguishable from background levels. Figure 3 illus- 
trates grain populations and calculated gold concen- 
trations determined for profiles across the Ward 
deposit. The gold concentrations of the heavy miner- 
al fraction from the Ward deposit are not yet availa- 
ble, and hence the deposit is not included with the 
results for total gold abundances in till. In Canada, 
gold grain anomalies identified in till on the basis of 
heavy mineral studies are often considerably more 
extensive, with up to 20 grains per sample being 
reported at distances of up to 600 m from their source 
(Sopuck et al., 1986). Grain shape has also been 
employed in determining relative degree of trans- 
port. 

It is more difficult to apply this latter criterion 
effectively in the Hattu schist belt because of the 
relatively short transport distances involved (cf. 
Nikkarinen, 199 1 ). In the region as a whole transport 
distances of till are also short, typically of the order 
of 200 m (Salminen and Hartikainen, 1986). Figure 
4 illustrates the distribution of various shape catego- 
ries of gold grains for each of the four subareas in the 
Hattu schist belt, on the basis of which it is apparent 
that the Muurinsuo grains have been transported 
least. 

Gold grains derived from weathered bedrock in 
the vicinity of the Ward deposit tend to be angular, 
and hence belong to transport category 1. No round- 
ing of grains is detected during the first 20-40 m in 
the direction of ice transport but at greater distances 
it is difficult to quantify grain shape, due to decreas- 
ing abundances. 

The transPort of gold grains was examined at the The transport of gold was also assessed on the 
Ward deposit, where the precise location of mineral- basis of electron microprobe analy ses of individual 
ized bedrock has been established. In addition, pre- grains. lzor h i s  purpose samples were collected from 
viously excavated exploration t m ~ h e s  ex~osing ten exploration pits in the Korvilansuo-Kuittila area, 

HOSKO 
n=27 

Fig. 2. Distribution of gold grain sizes throughout the 
various subareas in the Hattu schist belt. 
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ICE FLOW DIRECTK)N 20m 

Fig. 3. Transport of gold grains in the vicinity of the Ward deposit. * 
= sample from weathered bedrock,. = till sample, gold grainslcalcu- 
lated value ppb. 1 = Porphyry dike, 2 = Mafic volcanics, 3 = Felsic 
volcanics, 4 = Ultramafic schist 

occurring at intervals along a 2700 m profile. Be- 
tween 2-4 grains fromeach sample were analyzed by 
electron microprobe for Au, Ag, Bi, Te, Hg, Cu and 
Fe, most grains being analyzed more than once; 
results are given in Appendix 1. Elemental abun- 

Fig. 4. Distribution of various shape categories of gold grains from the 
Hattu schist belt. 1 = angular, 2 = slightly rounded. 3 = distinctly 
rounded. 

For the purposes of classification and interpreta- 
tion of results, the Hattu schist belt has been subdi- 
vided into background regions and four separate 
subareas, namely Kuittila (including Korvilansuo), 
Muurinsuo, Koivukallio and Hosko (Fig. 5). The 
total concentration of gold in till has been deduced by 
taking one thousandth of the gold abundances within 
the heavy mineral fractions and combining this value 
with the total concentration of Au in both the fine 
fraction and individual gold grains calculated from 
the formula presented earlier. Dividing the heavy 
mineral fraction values by one thousand enables 
normalization against the original sample (cf. Sopuck 
et al., 1986). Results for all three fractions have been 

dances may vary considerably between grains taken 
from a single sample, which is consistent with sim- 
ilar features observed within drillcore from the un- 
derlying bedrock. The latter typically show Au con- 
centrations of 83-92% and 6-14% Ag, comparing 
with Au values of 84-98% and Ag values of 2-15% 
for gold grains from till (Kojonen et al., 1993, this 
volume). Similar results were obtained in previous 
investigations (Nikkarinen, 199 1). However, because 
of the relatively short transport distances involved 
and the considerable degree of variation in primary 
abundances, it was not possible to make any defini- 
tive interpretations concerning the glacial transport 
of gold. 

Gold contents in till 

obtained from 256 samples and the gold abundances 
for the two subareas are shown in Figures 6a and 6b. 

The distributions of total gold abundances within 
the different fractions for each subarea are shown in 
Figure 7. Only in the Kuittila and Muurinsuo subareas 
does the heavy mineral fraction exceed 1 % for total 
gold. In the Hosko domain, most of the gold is in a 
single large grain with a calculated content of 1330 
P P ~ .  

No statistically significant correlations were ob- 
tained between any of the three fractions (fine frac- 
tion, heavy mineral fraction and calculated gold 
grains) in any of the subareas, nor within the back- 
ground region. 



Fig. 5. Areas of detailed heavy mineral studies in the Hattu schist belt. 
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Fig. 7. Distribution of gold between the various sample fractions (1 = Fig. 6. Total gold abundances in till for the two subareas within the 
fine fraction, 2 = heavy mineral fraction and 3 = calculated gold Hattu schist belt. 6a. Kuittila-Korvilansuo. 6b. Muurinsuo. Shaded 
abundance) for each of the subareas in the Hattu schist belt. area = Kuittila Tonalite. 
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Table 3.Numbers of samples and corresponding total gold concentrations for each subarea 
within the Hattu schist belt. 

Samples Max. gold values (ppb) Mean Median 

Fines Heavy Calculated Total (ppb) (ppb) 
minerals gold grains 

Kuittila 97 470 18600 1350 1370 50.9 14 
Muurinsuo 40 345 41700 100 380 33.7 13 
Koivukallio 25 207 3600 22 210 23.2 9 
Hosko 38 39 1590 1330 1330 40.1 2 
Background 56 70 2030 160 170 16.0 6 

Conclusions 

Studies of heavy mineral fractions in till and 
calculated total gold contents based on the abun- 
dance and composition of gold grains can be used in 
locating zones of potential gold mineralization. The 
calculated total gold contents appear to be more 
representative of the abundance of gold in till than 
are chemical analyses of the fine fraction alone. It is 
also possible to make inferences about the type of 
mineralizatian in the source rock on the basis of 
heavy rnineral investigations; for example the rela- 
tive proportions of gold within each of the three 
fractions examined discriminate between discrete 
gold grains and gold contained within sulfides in the 
till. 

The useof an Auger apparatus permits the collec- 
tion of sufficiently large till samples from below the 
ground water table, where conventional excavation 
methods would be unsuitable. 

Due to the considerable compositional variation 
within individual gold occurrences in the Hattu schist 

belt, it has not been possible to identify particular 
sources for gold grains on the basis of trace element 
analysis of gold grains. 

It will prove difficult to locate new gold occur- 
rences in the Hattu schist belt on the basis of heavy 
mineral investigations alone because the overall trans- 
port distances of gold and other heavy rninerals are 
relatively short, generaliy of the order of several tens 
of meters. As a result, a dense sampling network is 
required, which inevitably increases exploration costs. 
On the other hand, high abundances of gold in till 
reliably indicate close proximity to bedrockmineral- 
ization. In addition, the results of heavy mineral 
investigations can be obtained in the field relatively 
quickly, so that it is possible to use them immediately 
during the course of exploration. Heavy mineral 
studies in the Hattu schist belt are of greatest value 
when combined with the results of other exploration 
techniques. 
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Appendix 1.  Electron microprobe analyses of gold grains from till in the Korvilansuo-Kuittila area, Ilomantsi. Distance means 
location of test pits from the Korvilansuo prospect. 

Test pit/ Distance in Au Ag Bi Te Hg Cu Fe Total 
gold grain ice flow 

direction m % % % % % % % % 
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Systematic till geochemical sampling, diamond drilling and geological 
mapping show that mesothermal gold mineralization is characteristic of the 
Hattu schist belt over 40 km of its length, indicated by discontinuous but 
extensive hydrothermally altered and highly strained gold anomalous zones. 
So far, over 10 gold occurrences have been located by diamond drilling. 

Mineralization is characterized by disseminations and minor quartz 
(ktourmaline~carbonate) veins in altered and sheared mica schists, tonalites, 
porphyry dikes and felsic pyroclastics. Gold mineralization shows uniform 
features throughout the belt including preferential location at contacts of 
competent felsic lithologies, ductile-brittie deformation, a close geochemical 
and mineralogical association of Au with Te and Bi, and relatively low sulfide 
contents. Alteration geochemistry records strong introduction or redistribu- 
tion of H,O, K, Si, S, (&CO,), with corresponding mineral assemblages 
dominated by quartz, muscovite, biotite, chlorite, albite, epidote, (fcarbonate 
and K feldspar). Hydrothermal processes are also evident in C and 0 isotope 
characteristics, and the overall uniformity of alteration features suggests that 
mineralization took place within a single cnistal scale hydrothermal system. 
Timing of gold deposition can be bracketed between zircon U-Pb ages of 2.74 
Ga for host-rock tonalites and post-mineralization metamorphism associated 
with deformation, recrystallization and porphyroblast growth at about 2.70 Ga 
as indicated by U-Pb age determination on monazite and titanite. 

Although gold mineralization shares many fundamental characteristics of 
mesothermal deposits in other continents, it is distinctive with respect to the 
felsic host rocks, more ductile deformation, disseminated ore type, high Te, Bi 
and B, low Ag and As, and isotopically light C. These features are considered 
to reflect a relatively deeper level of gold deposition and subsequent erosion 
than in many other Archean gold mining districts as well as sediment- 
dominated nature of the schist belt. The Svecokarelian orogeny caused addi- 
tional reheating at 1.9-1.8 Ga as indicated by Early Proterozoic K-Ar and Rb- 
Sr mineral ages. Although there is no evidence that these processes caused 
redistribution of gold, they probably caused partial recrystallization of miner- 
als and affected the 0 isotope systems and fluid inclusion characteristics to 
varying degrees. 

The mineralizing fluids evidently originated from a metamorphic source 
deeper in the crust but may also have contained a magmatic component. Close 
to the present erosion level the fluids were focused along more brittle felsic 
units, particularly at contacts of impermeable mafic-ultramafic schists. Tem- 
perature drop and reaction of the fluids with host rocks caused gold deposition 
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simultaneously with tellurides and native bismuth on the surfaces of Fe 
sulfides and between silicate grains mainly at lithological contacts. Exbensive 
hydrothermal alteration zones associated with consistent anomalies of Au (and 
Te, Bi, As and B) demonstrate voluminous fluid flow carrying large amounts 
of Au, and effective deposition of gold. The main prospective zones are easily 
delineated by till geochemical methods, while individual gold deposits occur 
in structurally favourable sites mainly at contacts between lithologies showing 
both competence and composition contrasts. 

Key words (GeoRef Thesaurus, AGI): greenstone belts, gold ores, epigenetic 
processes, genesis, exploration methods, Archean, Ilomantsi, Finland. 

Pekka A. Nurmi, Geological Survey of Finland, FIN-02 150 Espoo, Finland 

INTRODUCTION 

Mesothermal gold mineralization is one of the 
more distinctive features of late Archean greenstone 
belts world wide. Important gold producing terrains 
occur in most extensive shield areas, including Aus- 
tralia, Brazil, Canada, India and southern Africa, and 
these have had a significant contribution (about 
12,000 t) to the World's gold production (Groves and 
Foster, 1991). In contrast, no gold production is 
known from the Archean of the Fennoscandian shield, 
and the Hattu schist belt is the first area from which 
mesothermal deposits have been reported. A similar 
typeof gold mineralization has recently been discov- 
ered by the Geological Survey of Finland from the 
Kuhmo-Suomussalmi greenstone belt, which extends 
from 150 to 300 km north of the Hattu schist belt 
(E. Luukkonen, pers. commun., 1993) (Fig. 1 ), while 
the more extensive greenstone belts in the Russian 
part of the shield may also have potential, although 
no economic deposits have so far been discovered. 

Recent studies demonstrate that crustal-scale gold 
mineralizing systems existed within the Archean of 
the Fennoscandian shield, and the main reason for 
the apparent absence of gold mineralization is simply 
that no systematic exploration had been carried out 
until the commencement of the current project. Ex- 
ploration in the Finnish Archean was instead tradi- 
tionally directed towards finding Ni, Zn-Ag-Pb and 
Cu sulfide deposits and banded iron formations. 
Gold was analysed only from random, typically 
sulfide rich samples, and little attention was given to 
hydrothermally altered rocks lacking obvious base 
metal sulfides. Gold-oriented exploration during re- 
cent years has in contrast been based mainly on 
systematic analysis of gold and related elements 
from a large number of till samples taken over 
extensive areas, and supplemented by bedrock sam- 
ples from zones of apparent potential. These data 
have already revealed the existence of extensive 
anomalous zones, which contain more localized oc- 

currences with economically interesting grades. Many 
of these targets have been relatively easily located 
and verified from outcrop or are covered by just a few 
metres of glacial drift. In most cases exploration is 
still in its early stages, and it is very likely that 
numerous occurrences still await discovery, both 
within known anomaly areas and probably also else- 
where. 

The Archean terrain of the Fennoscandian shield 
can be broadly subdivided into the Kola craton in the 
northeast, and Karelian craton in the east (Fig. 1). 
Most of the Archean of Finland belongs to theKarelian 
craton, which has a total area of nearly 200,000 km2. 
However, the Finnish Archean complex consists 
predominantly of medium to high grade granitoid- 
gneiss terrains, with lower-grade greenstone belts 
occurring as linear zones up to over 100 kilometres 
long but often only several kilometers in width. 
Similar, although somewhat larger greenstone belts 
occur in the Russian part of the craton. Thus, much of 
the Finnish Archean complex evidently represents a 
crustal level or thermal regime deeper than that of the 
world's major mesothermal gold deposits, which are 
largely restricted to greenstone belts metamorphosed 
under amphibolite/greenschist facies boundary con- 
ditions (see, Colvine et al., 1988; Groves and Foster, 
1991). The paucity of gold mineralization in the 
higher grade gneiss terrains is also evident from till 
geochemical mapping over Finland (unpublished 
data), and particularly in Finnish Karelia, where 
consistent gold anomalies are restricted to certain 
parts of the Ilomantsi greenstone belt, namely over 
the Hattu schist belt and the southern part of the 
Kovero schist belt (see, Hartikainen and Nurmi, 
1993, this volume, Fig. 4). 

Systematic gold exploration and research in the 
Finnish Archean commenced in 1986, when the 
Geological Survey of Finland initiated the Ilomantsi 
Gold Project. This has been a multidisciplinary re- 
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Fig. 1. Simplified geological map of the Archean Karelian craton shbwing mayor greenstone belts. 

search and exploration program which has begun to zation in the Hattu schist belt with that in major gold 
address many questions conceming the geological producing provinces in other continents, and to present 
development and gold potential of the Hattu schist broad genetic constraints and implications for future 
belt. This paper compares the style of gold minerali- exploration straegies. 

COMPARISON WITH ARCHEAN MESOTHERMAL DEPOSITS 
IN OTHER CONTINENTS 

Geological setting and timing 

Although most of the major Archean gold produc- Norseman - Wiluna belt in Western Australia, the 
ins areas tend to occur within exiensive greenstone deposits are not evenly distributed but rather concen- 
terrains, such as the Abitibi belt in Canada or the trated within individual mining districts. Thus for 
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example, Tirnmins, Kirkland Lake and Val d'Or in 
Canada, and Kalgoorlie in Western Australia, are 
characterized by closely-spaced mines over distances 
of several kilometers within or in proximity to cmstal- 
scale faults or shear zones that evidently focused the 
flow of mineralizing fluids derived from deeper in 
the crust (Phillips et al., 1987; Kerrich and Fyfe, 
1988; Hodgson, 1989). Therefore, the total volume 
of the surrounding greenstone belt is not necessarily - the most critical parameter controlling gold poten- 
tiaI, provided that local geological conditions were 
optimal for gold mineralization and that the present 
level of erosion corresponds to the most favourable 
crustal depth for gold deposition. Moreover, some 
major deposits, such as Hemlo in Canada (Burk et al., 
1986) and Big Bel1 in Australia (Phillips, 1985) 
occur within volumetrically small greenstone belts. 
Hence, the >40 km long Au(-Te-As-B) anomaly in 
the Hattu schist belt, and the more consistently min- 
eralized >10 km long Kuittila and Pampalo zones 
have geometrical dimensions comparable to those of 
major gold mining districts, and indicate that the 
present erosion level throughout the area was an 
appropriate depth for gold deposition (Fig. 2). 
Supracrustal rocks may have initially covered much 
larger areas of the Finnish Archean, as indicated by 
the abundance of paragneisses in the higher grade 
areas (Kontinen, 199 l), so that the presently exposed 
greenstone belts represent only the better preserved 
remnants of the vast area covered by sediments and 
volcanics. 

Major gold producing terrains typically comprise 
a number of individual mining districts controlled by 
regional shear or fault zones up to hundreds of 
kilometers in length, although individual deposits 
are usually associated with second or third order 
shear zones (Groves and Phillips, 1987; Colvine et 
al., 1988; Hodgson, 1989). The limited size of the 
Hattu schist belt makes it impossible to detect the 
presence of any analogous large-scale structures. 
However, recent mapping in the Russian side of the 
border (Rundkvist et al., 1988) indicates that the 
Hattu schist belt is apparently only a part of an 
extensive, discontinuous greenstone belt continuing 
some 50 km to the south across the boarder and 
nearly 200 km to the north, as far as the Kostamuksha 
district. Thus, the Ilomantsi - Kostamukshagreenstone 
belt attains a total length of 300 km (Fig. 1). The gold 
potential of the whole belt may be high and some 
minor showings are known to occur in the Russian 
side of the belt, although no published data are 
currently available. 

The gold showings in the north-south trending 
Kuhmo - Suomussalmi greenstone belt separated by 
some 120 km of gneiss terrain from the Hattu schist 
belt (Fig. 1) may possibly represent a parallel struc- 

Risiinot titl geo- 
chernhl Au anomalietr 

Gald oacurrence 

Fig. 2. Simplified geological rnap of the Hattu schist belt, Ilomantsi, 
showing main shearzones, gold prospects and distinct till geochemical 
gold anornalies. 

tural zone, although eruption of mafic-ultramafic 
volcanics evidently occurred several tens of millions 
of years earlier (2.80-2.79 Ga) than in the Hattu 
schist belt (around 2.75 Ga)(Luukkonen, 1992; 
Vaasjoki et al., 1993, this volume). However, early 
granitoid magmatism and deformation (D,) associ- 
ated with gold mineralization at Kuhmo appears to be 
coeval (2.74-2.72 Ga) with that in the Hattu schist 
belt. If this is true, structural zones hundreds of 
kilometers long having potential for gold mineraliza- 
tion may have existed in the Fennoscandian shield, 
even though large parts of the terrain may now be 
eroded too deeply for gold deposits to have been 
preserved. 

A number of high strain zones tens of kilometers 
in length have been located within the Hattu schist 
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belt, and major gold anomalies occur adjacent to the 
zones (Nurmi et al., 1993, this volume; Sorjonen- 
Ward, 1993, this volume)(Fig. 2). These zones are 
characterized by intense folding, shearing, 
hydrothermal alteration and intrusion of felsic por- 
phyry dikes, and evidently represent at a larger scale 
the main pathways for hydrothermal activity. At the 
present level of erosion, contrasts in competence 
between different lithological units have probably 
largely influenced rates and amounts of fluid pas- 
sage, so that the more felsic rocks, including tonalite 
stocks, porphyry dikes and pyroclastic horizons, 
have focused the mineralizing fluids. In contrast, 
various schists, particularly the ultramafics in the 
Pampalo zone, have been more impermeable and 
further focused the fluids into the brittle units. 

These features are consistent throughout the Hattu 
schist belt. The Kuittila and Kelokorpi occurrences 
are located within or adjacent to the contacts of the 
Kuittila tonalite stock, and the Korvilansuo show- 
ings around a porphyritic intrusion (Nurmi et al., 
1993, this volume). Mineralization at Kivisuo, Elinsuo 
and Muurinsuo occur largely within mica schists and 
mafic tuffitic beds a few hundreds of metres away 
from the contact of the Kuittila stock, but co-mag- 
matic tonalitic porphyry dikes (O'Brien et al., 1993a, 
this volume) are abundant, and the tonalite actually 
dips westwards below the Kuittila anomaly zone. 
Deposition of the Ramepuro deposit was related to 
focused fluid flow along a porphyry dike between 
mica schists and an intermediate schist, whereas in 
the Pampalo zone felsic - intermediate pyroclastic 
beds and porphyry dikes adjacent to or cross-cutting 
ultramafic, mafic and mica schists have favored ore 
formation. 

Contrasts in rock competence also appear to be 
very important in other shield areas. In mafic vol- 
canic terrains, which host the majority of Archean 
mesothermal gold deposits, more competent sills or 
lava flows have been favourable for gold deposition 
and felsic porphyry or lamprophyre dikes are abun- 
dant in association with many deposits (Colvine et 
al., 1988; Hodgson and Troop, 1988; Groves and 
Foster, 1991). The brittle units either host gold de- 
posits or indicate, in general, zones of weakness 
controlling both intrusions and hydrothermal fluids. 

rn many larger greenstone belts, gold mineraliza- 
tion occurred relative late during crustal evolution, 
after peak metamorphic conditions, and age 
determinations suggest that gold was deposited 10 to 
>30 Ma later than felsic intrusive magmatism and 
peak metamorphism (Marmont and Corfu, 1988; 
Kerrich, 199 1 a). In the Hattu schist belt, gold depo- 
sition clearly postdates early regional metamorphism, 
indicated by the pervasive sericitization of Al-sili- 
cateporphyryblasts, andis also youngerthan tonalitic 

intrusions dated at about 2.74 Ga, because sheared 
porphyry dikes and stocks are also mineralized (Nurmi 
et al., 1993, this volume). However, there are indica- 
tions of post-mineralization deformation accompa- 
nied by growth of garnet, staurolite and kyanite 
(Sorjonen-Ward, 1993, this volume). This may record 
intracontinent or continent-continent collision caus- 
ing crustal reheating with the formation of K-bearing 
felsic granitoids and migmatites, which are abundant 
in the Archean craton West of the Hattu schist belt. 
These rocks have been related to D4 brittle deforma- 
tion in the Kuhmo Suomussalmi terrain, where they 
have been dated between 2.68-2.7 1 Ga (Luukkonen, 
1992). In the Hattu schist belt, monazite and titanite 
dated at 2.68-2.70 Ga evidently record the same 
process, andindicate temperatures >500 "C (Vaasjoki 
et al., 1993, this volume). There is clear textural 
evidence that this process overprints mineralization, 
and gold is controlled by earlier structures (Sorjonen- 
Ward, 1993, this volume). If this interpretation is 
correct, the age of gold mineralization is constrained 
to between 2.74-2.70 Ga, and is hence less than 50 
Ma younger than the main phase of granitoid intru- 
sion, in accordance with observations from other 
regions. However, both crustal growth and gold 
mineralization in the Hattu schist belt occurred some 
tens of millions of years earlier than in the Abitibi 
belt and Norseman - Wiluna belt. 

Early-Proterozoic mineral Rb-Sr and K-Ar ages 
(O'Brien et al., 1993a, this volume) and reset 0 
isotope systems in the Hattu schist belt (O'Brien et 
al., 1993b, this volume; Karhu et al., 1993, this 
volume), indicate additional reheating and local fluid 
activity during the Svecokarelian orogeny. A re- 
gional study on K-Ar isotope systematics of biotite 
and hornblende in the Archean of eastern Finland 
further indicate that large parts of the crust were 
reheated and, on the basis of generally accepted 
blocking temperatures, cooled below 500 "C at around 
1.85 Ga and below 300 "C at around 1.795 Ga 
(Kontinen et al., 1992). However, considerably older 
ages for hornblende close to the Hattu schist belt and 
Archean monazite ages within the belt restrict the 
temperature of reheating to below 500 "C. The 
Svecokarelian crust is now exposed some 50 km West 
from the Hattu schist belt, but was thrusted on the 
Archean at about 1.9 Ga (see, Kontinen et al., 1992). 
Remnants of Proterozoic sedimentary rocks are pre- 
served only 25 km east of the Hattu schist belt in 
Russia (Fig. l) ,  and the whole area must have been 
covered by these younger rocks. The strong post 
mineralization processes evidently did not cause 
significant redistribution of the ore constituents but 
do make the direct genetic interpretations using, for 
example, fluid inclusions and 0 isotopes more prob- 
lematic. 
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Geological and physicochemical properties 

Although the basic characteristics of the gold 
occurrences in the Hattu schist belt are largely simi- 
lar to those in major Late Archean gold producing 
districts, there are some distinctive features in the 
composition of the deposits and in the relationship 
between mineralization and crustal evolution 
(Table 1). As discussed above, the host rocks of the 
known occurrences in the Hattu schist belt are differ- 
ent from the most common ones in major gold pro- 
ducing greenstone belts. This may at least partly be 
a consequence of the difference in average composi- 
tion of the greenstone belts; Le., mafic rocks occur 
only locally in the Hattu schist belt, whereas they 
predominate in many other greenstone belts. On the 
other hand, in the Abitibi belt for example, felsic 
porphyries and stocks are disproportionately com- 
mon as host rocks compared to their average abun- 
dance (Colvine et al., 1988). Sulfidization has been 
regarded as one of the main mechanisms in gold 
deposition particularly in tholeiitic and other Fe rich 
host rocks (Groves and Foster, 1991), which can 
explain why such lithologies are favourable for min- 
eralization. In felsic rocks other mechanisms may 
operate, and in the Hattu schist belt, for example, 
gold does not show any direct spatial correlation with 
sulfur and indeed many prospects have low sulfur 
contents (Nurmi et al., 1993, this volume). 

Archean mesothermal deposits are mostly located 
in greenschist facies domains, although some depos- 
its occur in amphibolite facies rocks (e.g., Hemlo and 
Big Bell)(Groves and Foster, 199 1). The greenschistl 
amphibolite transition also corresponds broadly to 
the transition between brittlelductile processes in 
many rocks, and consequently a majority of 
mesothermal gold deposits are characterized by quartz 
lodes and breccias developed during brittle behav- 
iour. In contrast, gold occurrences in the Hattu schist 
belt are mostly defined by disseminations even in the 
more competent felsic bodies and vein type minerali- 
zation is of only local significance. Quartz(-tourma- 
line-carbonate) veins can have high gold tenors, but 
seldom attain widths more than some tens of 
centimeters. This may qualitatively relate to a some- 
what higher pressure of mineralization than in most 
other areas (c.f., Murphy, 1989). Sphalerite 
geobarometry suggests pressures of 3 kb (Kojonen et 
al., 1993, this volume), although this may represent 
later metamorphic events rather than ambient pres- 
sures obtaining during gold deposition. Most of the 
mineralized zones appear to be subvertical sheet-like 
bodies, although at some prospects drilling is suffi- 
ciently dense to delineate pipe- or lensoid-like thicker 
and higher-grade bodies parallel to the principal 

lineation, and influenced by folding and boudinage. 
Regardless of the possibility of relatively high 

pressure, alteration and ore mineralogy suggest that 
temperatures during gold deposition were not unusu- 
ally high. Alteration essentially records reactions of 
hydration and potassic alteration after early meta- 
morphism, being characterized by minerals such as 
quartz, sericite, biotite, albite, chlorite, carbonate 
and epidote (Kojonen et al., 1993, this volume) 
(Table l) ,  which are typical of greenschist facies 
conditions and mesothermal gold deposits in general 
(Colvine et al., 1988; Mueller and Groves, 1991 ; 
Witt, 1991). Ore mineralogy is characterized by 
pyrrhotite andlor pyrite disseminations, and variable 
amounts of accessory base metal sulfides, 
arsenopyrite, pentlandite, molybdenite, scheelite, 
ilmenite, and rutile. Native gold occurs at grain 
boundaries between sulfides and silicate minerals 
and within sulfides, often intergrown with tellurides 
and native bismuth. Preliminary cyanide dissolution 
tests from three prospects indicate that gold is almost 
totally free-milling (Nurmi et al., 1992). Arsenopyrite 
thermometry indicates crystallization at tempera- 
tures below 500 "C and most probably around 400 
"C, while tellurides were obviously crystallized be- 
low 340 "C (Kojonen et al., 1993, this volume). 
Although these temperatures may record 
recrystallization during later metamorphism, they 
are comparable to temperatures as determined from 
mesothermal deposits in other areas. Mineralization 
in the Hattu schist belt is characterized by low abun- 
dance of arsenopyrite and a total absence of anti- 
mony minerals, in contrast to many other districts 
(Groves and Foster, 1991). 

The main components introduced or redistributed 
by mineralization are H,O, Si, K and S (Bornhorst 
and Rasilainen, 1993, this volume), while carbona- 
tion is evident only locally, in the Kuittila and Ward 
deposits. Fluid inclusion data, although not necessar- 
ily representative of the mineralizing fluids, are also 
low in CO, but of relatively high salinity (Bornhorst 
and Wilkin, 1993, this volume). This contrasts to 
many other districts, where carbonation is one of the 
strongest signs of alteration (Colvine et al., 1988; 
Groves and Foster, 199 1). 

Gold is typically enriched > 1000 times above 
background average basalt values; Te and B >100 
times; Bi, As, Ag, W, Mo and S 100- 10 times in bulk 
ore samples from the Hattu schist belt, whereas the 
base metals, Se, Sb and Hg are low (Nurmi et al., 
199 1 ; Nurmi et al., 1993, this volume). Compared to 
mesothermal deposits in other districts, Ag and As 
are lower, and B and Bi higher in the Hattu schist belt. 
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Table 1. Summary of geological and physicochemical properties of gold mineralization in the Hattu schist belt, compared to Archean mesothermal 
deposits in other shield areas (data from Groves and Foster, 1991). 

Parameter Hattu schist belt Data source Other shield areas Data source 

Host rocks Felsic intrusives & Gwlogy Tholeiitic volcanics & Geology 

pyroclastics, mica intrusives, felsic intru- 

schists sives, ultramafics, BIF 

Geology Deformation Geology 

Age of mineraliz- 2.74-2.68 Ga? 
ation 

U-Pb isotopes on 
zircon, monazite 
& titanite 

20 to 50 Ma after host U-Pb & Ar-Ar 
rocks (mostly 2.7-2.6 isotopes on hydro- 

Ga) thermal minerals 

Dissemination with 
minor quartz veins 

Geology Quartz veins & brec- Geology 
cias, dissemination 

Main components H20, K, Si, S, (CO2 Mass balance 
introduced or redis- locally) calculations 
tributed 

CO2, H,O, K, Si, S Mass balance 
calculations 

Au, Te, Ag & (As) Geochemistry 
high, base metals low 

Trace element geo- Au, Te, Bi & B high; Geochemistry 
chemistry base metals low 

Characteristic ore Gold, tellurides, native Mineralogy 
minerals bismuth, scheelite, 

(molybdenite); Fe (& 

base metal) sulfides, 

Gold, tellurides, stib- Mineralogy 
nite, scheelite; Fe 
sulfides, arsenopyrite, 
base metal sulfides 

Characteristic al- Quartz, micas, albite, Mineralogy 
teration minerals chlorite, epidote, (K 

feldspar & calcite 
locally abundant) 

Quartz, carbonates, Mineralogy 

micas, chlorite, albite, 
K feldspar, epidote 

Thermodynamics Thermodynamics 

Fluid inclusions Sphalerite geoba- 
rometry 

Fluid inclusions Saiinity of ore fluid 6-1 l? 

(%NaC1,,iv.l 

Fluid inclusions 

Stable isotopes -2.5 to -8.5 (+2.2 to - Stable isotopes 
10.0) 

Stable isotopes Stable isotopes 

6Dphy1iosiiicate (%OSMOW) -47 to -86 Stable isotopes -50 to -87 Stable isotopes 
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Stable isotope data indicate lighter carbon in car- typical values in other districts (Table 1). Light 
bonates, a little heavier oxygen in quartz and similar carbon values may be due to the reaction of the fluids 
hydrogen in phyllosilicates compared to the most with graphitic schists. 

GENETIC MODELS FOR ARCHEAN MESOTHERMAL GOLD 

Late Archean mesothermal gold deposits exhibit 
roughly similar structural, mineralogical and 
geochemical characteristics in different continents, 
which suggests a uniform genetic process. However, 
there has been considerable controversy concerning 
the genesis of the aeposits during the last few dec- 
ades. Prior to the 1960s, Archean gold deposits were 
regarded as epigenetic mineralization having a gra- 
nitic heat and fluid source (see, Boyle, 1979; Groves 
and Foster, 1991), while in the 1960s, syngenetic 
models where favored (Hutchinson, 1976), or at least 
the protolith was considered to be of syngenetic 
origin, from which gold was later remobilized (Boyle, 
1979). Intensive research into gold deposits applying 
modern techniques since the late 1970s, has shown 
that mesothermal mineralization is a product of 
crustal-scale epigenetic, hydrothermal systems, al- 
though there are still controversies, for example, on 
the source of fluids and ore components, and the 
exact geotectonic setting. Gold mineralization has 
been related to magmatic rocks, including granitoids 
(Burrows and Spooner, 1987; Cameron and Hattori, 
1987) and lamprophyres (Rock et al., 1989); mantle 
CO, degassing and granulitization (Colvine et al., 
1988; Cameron 1988); and metamorphic fluid sys- 
tems originating at upper to middle crustal levels 
(Kerrich and Fryer, 1979; Phillips and Groves, 1983; 
Kerrich and Fyfe, 1988). Recent discussions on ge- 
netic models have been published by Groves and 
Foster (1991) and Kerrich (1991b). 

Any model capable of explaining the origin of 
major mesothermal gold producing districts should 
account for the generation of large volumes of fluid 
with uniformcharacteristics and enriched in gold and 
associated components, separation of gold from the 
base metals, focussing of the fluids along transcrustal 
shear zones independent of lithology or stratigraphy, 
and effective deposition of gold into higher order 
fracture systems. Although current knowledge does 
not allow definite conclusions to be made concerning 
source processes, devolatilization caused by pro- 
gressive metamorphism can release about 5 wt.% of 
structural water and volatiles from hydrous mafic 
rocks at the greenschist-amphibolite transition as 
well as large amounts of fluids during higher-grade 
metamorphism (Kerrich, 199 lb). Such a model also 

allows effectivedissolution of solutes from the source 
rocks, because the fluid is formed in situ on the 
microscale, and can further explain the crustal LIL 
element systematics and the provinciality of 0 ,  Sr 
and C isotope systematics (Kerrich and Fyfe, 1988). 

Calculations of the amounts of CO,, K, S and Au 
in the giant Kalgoorlie gold system show that reason- 
able volumes of greenstone belt lithology are suffi- 
cient to produce the components during metamor- 
phic processes (Phillips et al., 1987). However, deep 
crustal processes as well as magmas can naturally 
contribute to the hydrothermal system in a tectonically 
active terrain, and radiogenic Sr and Pb characteris- 
tics of gold deposits indicate that deeper source 
regions are at least partially involved. Recent 
geotectonic models have related mesothermal gold 
mineralization to terrain collision processes (Wyman 
and Kerrich, 1988; Barley et al., 1989; Groves and 
Foster, 199 1 ; Kerrich and Feng, 1992). Such settings 
can best account for the structural setting, associated 
magmatism and timing of gold mineralization 
(Kerrich and Wyman, 1990; Kerrich, 1991 a; Kerrich 
and Feng, 1992). However, if the late K-granitoids 
and monazite and titanite ages in the Hattu schist belt 
record this kind of collisional event, gold mineraliza- 
tion evidently occurred earlier. 

Gold is apparently commonly transported as re- 
duced sulfur complexes, in accordance with the na- 
ture of the ore fluid, observed element associations, 
low base metal contents, the common association of 
gold with Fe sulfides and experimental data (Seward, 
1984; Groves and Foster, 1991; Seward, 1991). At 
higher crustal levels, the fluids are focused along 
smaller-scale shear zones, and gold is typically de- 
posited in dilatational sites within brittle lithologies. 
Temperature decrease generally accompanies depo- 
sition. Destabilization of gold-sulfur complexes may 
be caused by the reaction of fluids with Fe-rich 
lithologies (sulfurization) or changes in Ph or fO, 
duringreactions with othertypes of rocks (Romberger, 
199 1). Phase separation (CO, outgassing) and solu- 
tion mixing may act as additional processes changing 
fluid properties. Cyclic fluctuations in fluid pressure 
caused by high-angle reverse faults may also have 
promoted deposition mechanisms (Sibson et al., 
1988). 
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A GENETIC MODEL FOR HATTU SCHIST BELT GOLD 

As discussed above, gold mineralization in the 
Hattu schist belt shares many fundamental character- 
istics with mesothermal gold mineralization in other 
Archean terrains. The hydrothermally altered rocks 
form continuous zones tens to hundreds of meters 
wide and up to >10 km long, that show anomalous Au 
(tens to hundreds of ppb) for a distance of more than 
40 km along the Hattu schist belt, with economically 
interesting abundances (>1 ppm) throughout the dis- 
trict, indicating the existence of a major ore-forming 
event. Even though present data are too scarce for 
making detailed estimates, it is quite probable that 
the mineralizing system as a whole was capable of 
transporting something in the order of hundreds of 
tons gold, of which a considerable portion was de- 
posited at depths close to the present day level of 
erosion. The uniform structural, geochemical and 
mineralogical characteristics of the mineralization 
within the belt is a strong indication of a single 
crustal scale hydrothermal system comparable to 
that found in major Archean gold producing terrains. 

Present data do not allow any definite conclusions 
on the source of the hydrothermal fluids or the ore 
components to be made, but a metamorphic fluid 
generated by dewatering of deeper parts of the crust 
is the most likely possibility and is consistent with 
the timing and characteristics of the mineralization. 
However, the slightly anomalous salinity of the fluid 
inclusions, if they are indeed representative of the 
ore-forming fluid, rnay indicate an additional mag- 
matic contribution to the system. The ultimate source 
of the solntes is likewise unknown, but the anoma- 
lously high B, Te and Bi, compared to gold deposits 
in other continents (Nurmi et al., 1991), rnay be due 
to the local abundance of sedimentary rocks, which 
are enriched in these elements compared to igneous 
rocks (see, Govett, 1983). For example, B is effec- 
tively depleted in dewatering related to prograde 
metamorphism (Leeman et al., 1992). If this is true, 
then some of the ore components might have a 
relatively local sonrce in the lower parts of the schist 
belt. The anomalously isotopically light carbon of 
gold-related carbonates have likewise been related to 
contaminations of the ore fluid with graphite schists 
(Karhu et al., 1993, this volume). However, this does 
not rule out a deeper source for the fluid and part of 
its solutes. 

The fluids were evidently preferentially chan- 
nelled into brittle, felsic units so that precipitation of 
gold and associated elements occurred both within 
felsic intrusives and pyroclastics, and adjacent 
metasediments. Contact zones between the two rock 
types were particularly favourable for deposition. 

Gold is generally considered to be transported as 
bisulfide complexes in mesothermal ore fluids 
(Seward, 1973; Shenberger and Barnes, 1989), al- 
though aurous chloride complexes (Romberger, 
199 1 ), and thioarsenides and telluride complexes 
rnay be important in some Te and As rich systems 
(Saunders, 1986; Romberger, 1986; Seward, 1991). 
Experimental data for telluride and arsenide com- 
plexes are, however, insufficient to permit thermo- 
dynamic calculations to be made. 

Possible mechanisms resulting in gold precipita- 
tion from a hydrothermal fluid include conductive 
cooling, phase separation, boiling, solution mixing, 
and fluidlwall rock reactions (Romberger, 1991). 
Because gold deposition in the Hattu schist belt 
evidently occurred at considerable depth boiling or 
mixing of the fluids with oxygenated ground waters 
are not likely. Sulfidization of Fe rich lithologies, 
which decreases the activity of H,S in solution and 
causes a pH increase, thus destabilizing bisulfide 
complexes, is generally considered to be one of the 
main mechanisms in gold deposition (e.g., Phillips 
and Groves, 1984). Gold mineralization in the Hattu 
schist belt is typically low in sulfides and there is no 
direct correlation between Au and S, nor is gold 
associated with Fe-rich lithologies; iron formations, 
even where adjacent to the mineralized zones, where 
they locally contain abundant secondary pyrite, are 
nevertheless devoid of gold. Therefore, sulfidization 
is not considered to be the main deposition mecha- 
nism. 

The common occurrence of native gold on the 
surfaces of pyrite and arsenopyrite grains (Kojonen 
et al., 1993, this volume) rnay indicate physical 
adsorption and autocatalytic reduction of aqueous 
gold complexes caused by earlier-formed ore miner- 
als (Jean and Bancroft, 1985; Knipe et al., 1992), and 
gold inclusions in pyrite rnay further indicate epi- 
sodic crystal growth. However, gold is typically 
found between silicate grains and evidently cooling 
andlor changes in pH and fO, caused by fluid/wall- 
rock reactions were mainly responsible for gold 
rnineralization. Under higher PT conditions the sepa- 
ration of a CO, phase forming coexisting CO,-rich 
and H,O-rich fluids rnay cause effective gold depo- 
sition, because other volatile components (methane, 
hydrogen and possibly H,S) rnay also be partioned to 
the vapor phase and cause an increase in Ph and Fo, 
of the remaining fluid (Spooner et al., 1987; 
Romberger, 199 1). Such a mechanism has also been 
invoked to explain the origin of local, rich ore shoots 
(Groves and Foster, 1991). This mechanism could 
possibly explain the general lack or weak develop- 
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ment of carbonation in the alteration domains in the and Te may indicate the role of Au telluride com- 
Hattu schist belt and possibly the anomalously low plexes as a transporting mechanism, or at least these 
sulfur in some deposits. The ubiquitous and intimate elements must have been precipitated during the 
intergrowth between gold and tellurides (and bis- same process. 
muth), and resulting close correlation between Au 

IMPLICATIONS FOR EXPLORATION 

Current research and exploration results from the 
Hattu schist belt demonstrate that mesothermal gold 
mineralization, analogous to that in other shield 
areas, also operated in the Fennoscandian shield 
during the Late Archean. Recent results from the 
Kuhmo - Suomussalmi greenstone belt indicate 
the existence of gold showings there as well 
(E. Luukkonen, pers. commun., 1993), and major 
parts of the terrain, including most of the 300 km long 
Ilomantsi - Kostamuksha greenstone belt in Russia 
(Fig. l),  are clearly underprospected. Our experience 
from the Hattu schist belt demonstrates that major 
zones of gold potential can be relatively easily recog- 
nized with till geochemical methods (Hartikainen 
and Nurmi, 1993, this volume). Present results show 
that in the Hattu schist belt a crustal scale mineraliz- 
ing system operated over a 40 km length of the belt. 
The extent of the geochemical anomalies and the 
alteration zones further indicate that it was capable of 
transporting large amounts of gold, which was de- 
posited effectively enough to produce economically 
interesting grades throughout the zone at depths 
represented by the present erosion level. 

Geochemical studies and drilling indicate that 
gold mineralization and related hydrothermal altera- 
tion exist in large areas of the Hattu schist belt. In 
addition to the >lO km long, continuous Kuittila and 
Pampalo zones, a number of smaller anomalies have 
been located with local-scale geochemical sampling 
(1 6 samples/km2)(Fig. 2)(Hartikainen and Nurmi, 
1993, this volume). The main anomalies evidently 
record the zones of most intense hydrothermal activ- 
ity and gold deposition and, therefore, potentially 
host the most significant deposits, as is typical in 
many other gold producing districts. However, fluid 
flow may locally have been effectively focused by 
smaller-scale structures, which may therefore also 
host economically viable occurrences. As in the case 
of the Ramepuro prospect, such deposits are not 
necessarily associated with any distinct anomalies, 
for example, in local-scale till geochemistry. 

There are distinct differences in the geological 
characteristics of the main zones, which may be of 

economic significance regarding gold mineraliza- 
tion. The Kuittila zone is located at the western 
contact of the Kuittila tonalite stock and comprises 
highly strained mica schists with minor tuffitic 
interbeds intruded by numerous felsic porphyry dikes, 
probably representing apophyses from the underly- 
ing stock. Hydrothermal alteration is almost continu- 
ous along the belt, but is particularly prominent in the 
Korvilansuo area, where tonalite dikes are abundant, 
so that several, parallel, pervasively altered zones, 
10 to 100 m wide give a combined width of several 
hundreds of meters for the hydrothermally altered 
system. Gold and associated elements are generally 
anomalous in the alteration zones but economically 
interesting grades appear to be dispersed, forming 
several parallel zones in all types of lithologies. This 
indicates that although the fluids were gold-bearing 
and effective deposition mechanisms operated, in 
most parts of the zone the fluids were probably not 
sufficiently well focused to form large, high grade 
deposits. Nevertheless, this does not rule out the 
existence of economically viable deposits in stmc- 
turally favourable locations, and drilling intersec- 
tions of disseminated mineralization grading a few 
ppm over some metres or narrower high-grade veins 
have already been discovered throughout the zone 
(Nurmi et al., 1993, this volume, Table 1). 

The Pampalo zone is characterized by a much 
more complex geological setting than Kuittila. The 
lithology is diverse, comprising extensive ultramafic 
rocks, tholeiitic volcanics, felsic pyroclastics, mica 
schists with banded iron formations and felsic por- 
phyry dikes. Deformation is also complex showing 
intense shearing and folding. Detailed studies have 
so far been performed only at three targets, but till 
geochemistry and drilling particularly of the Ward 
deposit indicate pervasive alteration and dissemi- 
nated gold deposition forming locally high-grade 
mineralization in strongly sheared felsic pyroclastics 
and porphyry dikes adjacent to contacts with barren 
amphibole-chlorite-talc, tholeiitic and mica schists. 
The ultramafic rocks appear to have been particu- 
larly impervious to fluid flow, or at least com- 
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positionally unfavorable for precipitation of gold, 
which was thus preferentially concentrated in the 
adjacent brittle felsic rocks. The close spatial asso- 
ciation between ultramafic rocks and gold minerali- 
zation throughout the Pampalo zone is nevertheless 
indicated by the common occurrence of Ni anoma- 
lies adjacent to Au anomalies in till geochemical 
data. Therefore, future drilling of the anomaly zone 
should be directed to felsic units at the contact with, 
or actually within the ultramafic units. Dilational 
zones in the axial planes and hinges of larger folds 
may have been the most preferential sites of gold 
deposition, as demonstrated by the Ward deposit 
(Nurmi et al., 1993, this volume). 

The results of exploration in the Hattu schist belt 
have shown that till geochemistry can be effectively 
applied in delineating the main zones of mineraliza- 
tion and detailed till geochemistry should be contin- 
ued in order to determine the best sites for drilling. 
Although all the consistent till geochemical anoma- 
lies checked so far by drilling have proved to be due 
to mineralization in bedrock (Hartikainen and Nurmi, 
1993, this volume), there is no way to rank the targets 
on the basis of anomaly patterns only, and, for 
example, the absolute contents of individual samples 
may be misleading due to the "nugget effect". Larger 
occurrences or their halos can evidently be located 
by sampling every 10 m across the controlling struc- 
ture, typically giving several anomalous values (tens 
of ppb), and systematic patterns repeated on parallel 
traverses are promising signs of bedrock mineraliza- 
tion. However, wide and dispersed zones appear to 
give the most extensive anomalies, whereas more 
concentrated and potentially economically more vi- 
able mineralizations are reflected only as more lim- 
ited indications. Therefore, geochemical data should 
be interpreted carefully and in combination with 
geological and structural observations. 

The close correlation of Au with Bi, Ag and 
particularly Te between till and mineralized bedrock 
(Hartikainen and Nurmi, 1993, this volume; Rasi- 
lainen et al., 1993, this volume) demonstrates that 
these pathfinder elements can be used for selecting 
the most meaningful till geochemical anomalies and 
following the continuations of ore zones by drilling. 
Multielement studies should be continued in the 
future to find out whether the more economically 
interesting deposits are characterized by specific 
geochemical signatures. Moreover, although Au and 
Te have a good mutual correlation, some telluride 
phases may have crystallized slightly after or before 
gold, thus offering a potential geochemical tool for 
broadening the targets in detailed exploration. 

Geophysical studies, inclnding magnetic, slingram 
and inducedpolaritization (I.P.) measurements, have 
been systematically carried out throughout the 

anomaly areas. Except for the Ramepuro deposit, 
where an I.P. anomaly indicates the mineralized 
zone, geophysical anomalies do not directly corre- 
late with the gold mineralization. This is mainly do to 
the nature of the occurrences; low total sulfides, poor 
correlation between Au and S, and absence of mag- 
netite. Nevertheless, geophysics has been very im- 
portant in determining lithological contacts and struc- 
tural features of the area. For example, mica schists, 
typically containing fine-grained sulfide dissemina- 
tion, can, in many instances be distinguished from 
the intrusives using LP., and the ultramafics and iron 
formations are characterized by distinct magnetic 
anomalies. Hydrothermally altered shear zones can 
also easily be detected in these rocks as magnetic 
minimum areas. 

Exploration in the Hattu schist belt is still at an 
early stage, and estimation of the true economic 
significance of the district will require further fund- 
ing, in detailed till geochemistry and, particularly, in 
drilling. Extensive parts of the anomaly zones re- 
main undrilled, but all checked geochemical anoma- 
lies have without an exception proved to relate to 
gold mineralization in bedrock (see, Nurmi et al., 
1993, this volume, Table 1). Drilling has been both 
sparse and shallow comprising typically a limited 
number of holes 100-300 m apart across the anoma- 
lies, and only the Ward and Ramepuro deposits have 
been drilled in more detail. Of the 25 km drilled (19 1 
holes) about 60% has been aimed at these two pros- 
pects. 

Average discovery costs of deposits in major gold 
producing areas have varied during the period 1969- 
1982 from USD 13 million in Australia and USD 17 
million in Brazil to USD 67 million in Canada, where 
costs have subsequently increased to USD 106 mil- 
lion in 1983-1988, due to the dilution effect caused 
by long-term exploration (MacKenzie and Doggett, 
1992). These figures give a rough estimate of the 
expenditure involved in successful gold exploration. 
Compared to exploration budgets in known gold- 
producing regions, investments in the Hattu schist 
belt have been modest. However, although the Hattu 
schist belt is a virgin terrain, extensive gold anoma- 
lies have already been fairly accurately delineated, 
which means that drilling can be effectively directed 
to the zones of highest potential, where mineraliza- 
tion is covered by a relatively thin overburden. This 
means that gold can potentially be found with less 
expenditure than in many heavily prospected areas. 
Even so, something of the order of tens of kilometers 
of drilling will be needed to discover and evaluate 
new deposits, and hundreds of kilometers for de- 
tailed exploration of the whole Hattu schist belt, 
which in turn comprises only 15% of the potentially 
interesting Ilomantsi - Kostamuksha greenstone belt. 
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PROPOSED RELATIONSHIPS BEWEEN LITHI C UNITS 

l 

GRAIVITQIDS INTRUDING THC HATTU SCHIST BELT 

Pogosta Granodiorite Porphyr i t ic to equigranular biotite granodiorite and tonal i te with sporadic hornblende. 

1 Ku i t t i la  Tonalite Medium-grained enclave-poor foliated biotite tonalite, 

1 Porphyritic plagioclase-quartz tonal ite dikes at western margin of Kuitti la Tongl ite. 

i Tasanvaara Tonalite Medium-grained enciave-poor foliated biotite tonalite. 

1 Plagioclase-quartz porphyry dikes, possibly related to Tasanvaara Tonalite. 

1 Porphyritic folsic dike, possiblly subv01canic. 

) Korpivaara Tonalite Equigranular biotite tonalite. 

I Pampalonuuro Tonalite Foliated to mylonitic hornblende-bearing tonalite dikes with abundant oscillatory 
zoned euhedral ~ laaioclase and maf ic enclaves. . - 

4 Viluvaara Granodiorite Porphyritic biotite granodiorite. tonaiitic at western margin. 

Hoikan Ky lkeinen Granodiori t e  Equigranular biotite granodiorite. 

Naarva Leucogranite Apiitic to  pegmatitic muscovite-biot ite-tourmal ine-garnet leucogranite, with pronounced 
layering def ined by variations in tourmal ine abundance and grain size. 
Kartitsa Granite Foliated homogeneous and banded fine-grained equigranular granite with disseminated 
magnetite, typically altered to  assemblages dominated by muscovite, microcline and pyrite. 

Lukanvaara Leucogranite Equigranular muscovite-biotite-garnet leucogranite, strongly deformed near margin. 

1 SIIvevaara Granodlorite Predominantly porphyritic microcline in medium-grained hornblende-biotite granodiorite. 

Koi tere Granodiori te  Coarse-porphyritic microcl ine granodiorite to rnonzonite containing c l  inopyroxene, 
hornblende and biotite. 1 Unnamed and undifferentiated granites, including Longonvaara Granite ILogl. 

SUPRACRUSTAL UNITS WITHIN THE HATTU SCHIST BELT 

Hattu Supersecruence 
I 

Undifferentiated mica schists with mafic intercalations, generally lacking 
primary depositi~onai features (Units 34, 37, 38, 39) 

(Ahp) Pampalo Forma tion (Lithic units 27-33) 

Massive tremolite-chlorite rock and talc schists representing 
metamorphosed and altered komatiitic lavas, with relict cumulus 
phases and fragrnental texture in upper part of f lows (Units 30, 32). 
Clastic deposits including conglomerates with rounded felsic dacitic to 
andesitic clasts and probable pyroclastic equivalents IUnit 281. 
Foliated homogeneous metabasalt, intruding and intercalated with 
banded iron formations of Unit 26 (Units 27, 291, medium- to coarse- 
grained massive metadolerite and metagabbro; metamorphic assemblage 
dominated bv hornblende and olaaioclase. . - 
(Ah t )  Tiittailanvaara Formation (L ithic units 2 4  -26, 74  -79) 

1 Garnet-grunerite-quartz-magnetite banded iron formations intercalated 
with turbiditic graywackes and metabasalts (Unit 26). 
Massive unstrat i f  ied and unsorted pol ymict conglomerates (Unit 241, 
including major fining and thinning upward sequence overlying 
micaceous metapelite deposits (Unit 25). 
Thin-bedded turbidites with sporadic conglomerate interbeds (Units 74-79), 

(Ahk) Kuljunki Formation (Lithic units 40-50)  

Feldspathic and minor hornblende-bearing volcaniclastic deposits, 
minor conglomerates; sericitic alteration rather widespread (Units 48-50). 
Garnet-grtinerite-chlorite-quartz-magnetite iron forrnat ions and 
metapel ites IUnit 47). 
Metapel ites and thin- to medium-bedded graded feldspathic turbidites 
abruptly overlain by coarse clastic feldspar phyric volcaniclastic 
deposits (Unit 46). 
Feldspar-rich volcaniclastic deposits (Units 40-45). 

fdhhj Hesko~ Fomatian (Lilthic uni fs 12 -2a) 
1 Thin metabualt ic and ultramaf ic horizons, thickenihg northwards, 

wi th increasing c lw t i c  component (Units 21, 23). 
Feldspathio volcaniclastic deposits (Units 15-20, 22) with some 
geophysically responsive horizons IUnits 13, 16, 17, 19); sericite- 
miorocline alteration very pervasive throughout (Units 15-201. 
Predominantly thin- to medium-bedded probable turbiditic deposlts 
(Units 12-14), typically altered to  quartz-muscovite-microeline schists 
wi th reliqt grading and pelitic clasts discernible. 

7 (Ahs) Sivakkojoki Formation (Lithic units 1-11) 

Geophysically responsive pelitic schists containing graphite and sulfides, 
low grade iron formations (Units 9, 11). 
Graded and sorted polymictic conglomerate wi th rounded clasts of 
predominantly felsic provenance, intercalated with current-bedded 
feldspathic wacke and subarkose (Unit 7). 
Andesitic pyroclastic deposits, basaltic f lows with pi l low breccia and 
hyaloclastite, garnetiferous iron forrnations (Unit 6, dated Bt 2754 6 Ma). 
Feldspathic volcaniclastic deposits IUnits 1-5, 8, 10) and possible 

1 lapi l l i  tuffs (Unit 51, agglomerates and fine-grained felsic volcanics (Unit 8) 

(Aho) Korvilansuo Formation (L ithic units 6 0  -69) 

Alternating thin-bedded mica schists and feldspathic graywackes (Units 65-69). 
I ntercalated pol ymictic conglomerates and current-bedded subarkose IUnit 64). 
Basaltic f lows olr sills and mafic volcaniclastic deposits (Unit 62). 
Thin- to  thick-bedded turbiditic graywackes, often feldspathic, with 
sporadic mafic t o  intermediate intercalations; pervasive and widespread 
chlorite-muscovite-biotite alteration with muscovite after aluminosilicate 
porphyroblasts a~nd local kyanite-staurolite-garnet assemblages. Probable 
correlatives incllude pel i t ic and sulf ide-bearing schists (Units 70, 71) 
and mylonitic maf ic schists (Unit 72) along eastern margin of Silvevaara 
Granodiorite. 

4MHI 

OUTCROP OBSERVATION 
LOCATION Dl AGRAM 

157 (Ahn) Ukkolanvaara Forma tion (Lithic units 80 -87) 
Medium- to  thick-bedded turbiditic feldspathic graywackes alternating 

86 with metapel ite-dominated intervals (Units 85-87). 
Relatively pure quartz-magnetite-grherite banded iron formations, 
intercalated wi th fine-grained actinolitic schists IUnits 82, 841. 
Predominantly rn~ica schists with few primary features discernible 
(Units 80-81, 83). 

(Ahn) Naukulampi Forma tion (L ithic uni ts 88 -89) 

Predominantly fiine-grained, thin- to thick-bedded quartz-plagioclase- 
biotite-chlorite-garnet schists with muscovite after aluminosilicate 
porphyroblasts (Wnit 88) and rnore geophysically responsive intervals 
IUnit 89). Primary depositional features including current-bedding and 
grading sporadically preserved. 

Ilaje Supersequence 
(Air) Ruukinpohja Formation (Lithic units 90-94)  

Massive and pilllowed basaltic f lows IUnits 90, 93). ' , Coarse hornblende-rich gabbio after possible pyroxenite cumu 
Transitional maflic t o  intermediate clastic units passing 

1- y_onglornerates alnd graywackes (Units 92 94&,iu~k 
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U-Pb monazite age determination 

Ut U-Pb titanite age determination 

Us SHRIMP zircon intrusive age 

O Ux SHRIMP zircon xenocryst age 1 . 
Pb Pb-Pb model age determination 

Rcw Rb-Sr composite whole rock age 

Ndm Nd/Sm undepleted mantle model age 

Nur Nd/Sm CHUR model age I * Gold mineralization 
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/ Boundary between lithic units 

c3 Depositional younging direction 

Early Proterozoic maf ic dikes and 
associated fracture systems 

Dip and strike of depositional layering (Sg) in 
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in igneous rocks 

A Penetrative foliation lacking asymmetry 

Y Dextral sense of S1 across lithological Iayering 

fl Sinistral sense of S1 across lithological layering 
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Sinistral sense of S2 across lithological Iayering 

/ F2 fold with dextral down-plunge asymmetry 
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evolution andcharacterof the schist belt is dealt with in five articles covering the following topics: 
racteristics of lithic units, s t r u c t d  e.Eiblution, uranium-lead age determinations and lead-lead 

teristics of sulfides. geochemical c h m t e r  and petmgenesis of lithic units, kluding 
ium and neodymium isotope characteristics, and Quatemary glacial history . A 1 :50 000 

ologicd map of the region is also appended. * 

esothmnal gold mineralization and exiloration methods are considemd in 10 papers including 
corttnbutions on: geological setting and general characteristics of the occumnces, rnineralogy, - 
mass transfer process during mineralization, oxygen, hydrogen, carbon and strontiurn isotope 
compositions, fluid inclusions, and exploration methods applying both till and ~kgeochemistry, 
and heavy mineral concentrates af till. Genetic aspects of mineralization and implkations for 

oration are discussed in the final paper. 

publication provides new and detailed information on crustai evolution and.gold mineraliza- 
in the Hattu schist belt, which in many respects isdistinct from other Archean greenstone belts 
nland, and which also represents the first Ari:hean mes&ermal gold province discpvemd in 

the Fennoseandian shield. 
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